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THE APPROACHING FIRST CONGRESS OF THE INTERNATIONAL 
FEDERATION OF AUTOMATIC CONTROL 
Translated from Avtomatika i Telemekhanika, Vol, 21, No, 6, pp. 657-658, June, 1960 


In June of this year, the First Congress of the Inter- 
national Federation of Automatic Control (IFAC) will 
convene in Moscow, The coming Congress is a great 
event in world science in the area of automatic control, 
one recognized as exerting an influence on the develop- 
ment of automation in all countries, 

Automation,one of the most important phenomena 
of our time, puts into practice the most daring dreams 
of many generations of mankind, Automation opens up 
new horizons for various branches of industry; the theory 
of automatic control approaches many scientific disci- 
plines,with the raising of many problems regarding control, 
and modifies in principle many notions in science and 
technology which prevailed 10 to 15 years ago, 

In recent years scientists have been faced with the 
most complex scientific problems of automatic control, 
It is difficult to overestimate the significance of these 
problems, Success in working them out will create the 
basis of rapid growth of technical progress, 

It is clear that if the scientists and engineers of all 
countries will work in close accord on the problems of 
automatic control,the necessary results will be obtained 
very much sooner and at less expense, Such international 
collaboration in the field of research on automatic control 
is natural and necessary, Collaboration in automation isa 
demand of our times, Our country has made its choice; 
we are for the uniting of the efforts of the scientists and 
engineers of different countries, we are for collaboration, 
for close contacts of Soviet and foreign specialists in 
automation, 

Even in 1956, Soviet scientists, along with those of 
other countries, were taking the initiative in this field 
by founding the International Federation of Automatic 
Control (IFAC), The formation and establishment of the 
IFAC has resulted in a condition of creative scientific 
and commercial collaboration, 


The Executive Council of the IFAC, with Dr, G, 
Chesnut (USA) as its chairman, which was elected in 
September, 1957, at the First General Assembly in Paris, 
performed a great and very useful work, It set down the 
life principle of the new international scientific organi- 
zation, 

The Second General Assembly of IFAC was held in 
Chicago in September, 1959, It approved the new, 
improved rules and regulations, endorsed the draft of 
organization of the First Congress prepared by the Soviet 
National Committee, and heard a series of special reports, 

The General Assembly elected the new staff of the 


Executive Council and a new President, Professor A, M, 
Letov, representative of the National Committee on Auto- 
mative Control of the USSR, 

The activity of the Federation proceeds in a condition 
of close scientific and commercial collaboration, To 
strengthen the exchange of scientific information between 
the national organizations of the IFAC at the present 
time, scientific-technical committees have been formed 
on theory, the technical resources of automation, on 
applications, terminology, education, and bibliography, 

An important aspect of the activity of the IFAC 
is the conducting of international congresses on automation, 
The preparation and organization of the First Congress 
of the IFAC, entrusted to the National Committee of the 
Soviet Union, developed with the active participation 
of almost all the national organizations of the IFAC, 

In the total preparatory work a new contribution is made 
to the international collaboration of scientists, Reports 
totalling 285 were submitted for scientific consideration; 
they can be classified into three groups, 

The reports of the first group were concerned with 
current problems of the theory of continuous and discrete 
systems of automatic control, the theory of structures and 
the construction of signals, stochastic, and special mathe- 
matic problems, Much attention was allotted tothe theory 
of optimal and self-adjusting systems, A description of 
experimental methods of research was given in a series 
of reports, 


Reports of the second group were concerned with the 
theory and experience in constructing elements of control 
systems, programming and computing equipment, control 
machines and systems of automatic control, There were 
reports explaining special problems én the construction 
of logical and digital elements and their use in digital 
machines, 

The third group of reports tell of the experience 
of automation in various branches of industry ~ machine 
building, metallurgy, chemistry, energetics, petroleum 
production ,and so on, Much attention is given to prob- 
lems in the application of digital computing technique 
for the control of complex technological processes, 

It is expected that in June of this year a considerable 
number of eminent specialists in the field of automation 
from various countries will meet in Moscow, They will 
be able toexchange current ideas, scientific engineering, 
problems and the methods of solving them, This will 
significantly expand the scientific and business contacts 
of 6oviet specialists with their foreign colleagues, 
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For more comprehensive discussion of the reports 
presented to the Congress, the texts of the reports were 
sent beforehand to the participants, which should promote 
at the Congress a broad scientific discussion of the most 
important problems of automation, This discussion may 
evoke independent scientific interest, It will give the 
participants in the Congress the possibility of profoundly 
discussing with the authors of reports and other specialists 
the problems which interest them, Discussion is a 
manifestation of the creative form of contacts within 
the framework of the IFAC which enablesexposing “white 
spots in the field of the theory of automatic control, 
posing new scientific problems, defining the limits of 
application of the various methods of solving theoretical 
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or applied problems, Soviet scientists and engineers whose 
work has won universal recognition are preparing with 
great interest for the Congress and for discussion at the 
Congress of actual problems of automatic control. 

Soviet specialists working in the field of automation 
will receive in their own country a considerable number 
of foreign colleagues, They are doing everything they 
can to assure that this reception will be friendly and 


mutually advantageous, 
The development of scientific contacts between 


scientists and engineers of different countries which will 
result from the Congress will undoubtedly have an im- 
portant value for the further strengthening of peace and 
friendship between nations, 
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A MESSAGE FROM THE PRESIDENT OF THE IFAC 
Translated from Avtomatika i Telemekhanika, Vol, 21, No, 6, pp. 659-660, June, 1960 


The occasion of the First Congress of the Inter- 
national Federation of Automatic Control (IFAC) is a 
primary event in the life of specialists in automation 
throughout the world, 

It is expected that a very large number of eminent 
specialists from 30 countries will gather in Moscow in 
the summer of 1960 and will be able to discuss current 
ideas, scientific and engineering problems arising in 
automatics,and the methods of solving them, The 
principal importance of this event is that the coming 
Congress, like the earlier assernblies of IFAC, will 
demonstrate the potential possibilities of science and 
the acceptability for all of the form of organization of 
the IFAC, in which the need for cooperation, for a 
living exchange of scientific ideas and scientific results, 
is vitally important and inescapable, 

The first Congress of the IFAC is a serious event of 
international significance, destined to exert a notable 
influence on the development of automation throughout 
the world; this explains the enormous interest in the 
Congress on the part of scientists, engineers, and business 
circles of the various countries, 

The first task of IFAC is to conduct this Congress 
on the highest scientific and engineering level, 

The Congress is being conducted with the motto: 
to theory — practical applicability; to technical resources— 
maximum reliability; to applications — the greatest 
effectiveness, It expresses the clear thought of the 
central administration regarding the creative activity 
of scientists and engineers throughout the world who 
have in mind enriching the world with products of 
material security, The conditions necessary for con- 
ducting the Congress have been created, 

More than 280 scientific papers are to be discussed, 
The more active the discussion of the reports, the better 
IFAC will fulfill its first task, The Organizing Com- 
mittee of the Congress is enlisting about 100 scientists 
and engineers from different countries in the posts of 
section chairmen of the session, They should not only 
know the reports well and comment on the addresses, 
but also foresee the possible development of discussion 
as regards both various aspects of the reports, and the 
long-range development and application of the ideas 
they contain, 

Discussion at the Congress will be a development of 
the highest form of scientific contacts within the frame- 
work of the IFAC, for which we are striving so much, 
The IFAC has developed excellent prospects, for future 
scientific contacts, and in other directions, 

The Executive Council of IFAC has formed scientific- 
technical committees which are beginning work in the 


following areas: 

1, Theory 

2, Technical resources 

3, Applications of automation 

4, Terminology and designations 

5. Education 

6, Bibliography 

The basic task of the committees is to effect the 
international exchange of scientific information in the 
field of automation among the member countries of 


the IFAC, 
Scientific connections of the IFAC with other, 


related international federations are also being developed, 

At the present time the IFAC includes the most 
eminent organizations in the area of automation from 
23 countries: Austria, Belgium, Great Britain, the 
Hungarian People*sRepublic, Denmark, India, Israel, 
Italy, the Chinese People*s Republic, the Netherlands, 
Norway, the Polish People’s Republic, the Rumanian 
People’s Republic, the USSR, the USA, Turkey, France, 
Finland, Czechoslovakia, Sweden, Switzerland, 
Yugoslavia, and Japan, 

It is expected that a number of new countries will 
join the IFAC in the near future, 

It is a pleasure for me to mention here that a 
spirit of excellent,close scientific and business colla- 
boration prevails in our international society, and that 
this has been shown above all by the fact that in all 
questions that have arisen in the IFAC, a complete and 


‘general agreement has always been reached, 


All our meetings which have been held in Germany, 
France, Switzerland, Italy, and America have taken 
place with the warm hospitality of the national organ- 
izations of the IFAC and their active participation, 

The spirit of collaboration in the IFAC is expressed 
likewise by the fact that a reciprocal exchange of books 
is developing among the various national organizations 
of the IFAC, and likewise the visitation of scientific 
institutions and automated enterprises, Such an exchange 
of visits and books is of great mutual benefit, 

It is to be hoped that the spirit ot collaboration will 
grow and be strengthened even more during the First 


Congress of the IFAC, 
The National Committee of the Soviet Union has 


developed a broad program of action in preparation for 
the Congress, the realization of which is a contribution 
of the utmost importance to the strengthening and growth 


of the IFAC, 
The spirit of collaboration in the IFAC will serve 


the strengthening of peace throughout the world, 
A, Letov, President of the IFAC 
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ANALYTICAL CONTROLLER DESIGN, II 


A. M, Letov 


Moscow 


Translated from Avtomatika i Telemekhanika, Vol, 21, No, 6, pp. 661-665, June, 1960 


A solution is given of the variational problem of an optimally controlled system when account is taken of servomotor 


speed limitations, 


Servomotor 
In the present paper we shall study the case of 
analytical controller design when limitations ou servo- 
motor speed are taken into account, a probiem which was 


touched on slightly in [1, 2], Let us pose the problem, 
We consider a closed autocontrolled system in which the 
disturbed motion is given by the equations 


&k = Tk — (2 byaNa + mt | =0 (k=1,..., 2), §= }(¢) (1,1) 


Here, the Ny are the coordinates, and the byq are 
constant parameters of the object of control, while & is 
the coordinate, and the m,, are parameters of the con- 
trolling organ, The function f(¢) is the subject of our 
search, 

By basing ourselves on well-known attempts [3]*, 
we shall assume that f(9) lies in functions of class A‘, 
for which the following relationships hold: 


sf(e)>0, «+0, ($),_.> 0. (1.2) 


The argument of the function, O = O (Ny,.... Mp, 
—) is also to be determined, 

As the criterion of optimality, we consider the 
functional 


L(y =\V +&) at, (1.3) 


0 


where V is a positive-definite function of the form 


V = Dj ani + cf. (1.4) 
k 


We consider the natural boundary conditions: 


1 (0) = tio,---» Yn(O) = tno, §(0) = &, 
(1,5) 


71 (00) = «+4 = Yn (00) = § (90) = 0. 


We shall search for those continuous functions €, 
Nes + +» Np Of Class Cy which, while satisfying (1,1) and 
boundary conditions (1,5), minimize the functional in 
(1,3), Equations (1,1) are defined in the open region 
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N(E, My, 2 + © » Nn), SO that the problem just formulated is 
an ordinary Lagrange variational problem, the procedures 
for whose solution are well known, 

To obtain the equations of the variational problem, 
we set 


H =V + j2(9)-+ 2 (E—f(0)] + Dy AnBe- (1.6) 


We then write the partial derivatives of the function 
H: 


OH 0H 

——- =hx, — =2a nee hab ’ 
an, an, kN|k py aYak 
0H OH 

— =h, — == 2c& — >) maha, 
ag (3 ; - _e 
0H 6H of 

—_—= = 0, —_—_ = 2 ome i —, 

da Oda (9) lag 


The equations sought have the form 


Te = 2) vata + mE, & = f(2), 


he = —Dj dard + 20K. (1,7) 
h = 2ck — > gM, 
k 


O= (2 (0) —ry 2 (fe = 4,...5n). 


2, Solution Abutting the Optimal Curve's Left End 

We shall study the solution of the problem for the 
two cases presented by the last equation of (1.7). 

We consider the first case: 


of (2.1) 
45 = 0. 





*In autocontrol systems such as (1,1), the function 9 
describes the control law, and depends on 7,,.. 


oo Typ & 








be 


of 





ie 


(2,1) 


n’* 





If we are considering class A‘ functions, then there 
exists a positive number 6. such that, from (2,1), we 
find 


f(s)=+7, {0 [>o,. (2,2) 


Thus, the controller equation is defined everywhere 
for | 6l=ac6, although the number 0, itself is still 
unknown, 

Let 


A (9) = | bia — PB ia | (2,3) 


be the determinant system (1,1) for m, = 0, Then 
Solution (2,2) of system (1,1) is written in the following 
form: 


X= 2; Ax (ps) Coe?** + My + Nut, 


s=1 
i= C+it, 
e oe (2,4) 
hk = > A (— Ps) Dyes" + 9 (t), 
s=1 


=D +$(t) 


Here, Pp), are simple roots of the equation A(p) = 0, 
while -P), are simple roots of the equation 


V (pw) = Pree .! 
a Se ok a i 





be the determinant of the system, It is easily proven 
that, if uy,..., Hp are simple roots of the equation 
V(u) = 0, then~py,... Ho will also be simple roots 
of this equation, For the proof of this assertion, it 
suffices to execute the following operations: 

1) write the determinant V (y), 


by —p,. * ee Bun, « 


Seer 


A (p) =| — bax — pdax | = 0; (2,5) 


M, + Nit Y,(t), ¥(t) are the corresponding particular 
solutions arising from the appearance of the line integral 
for the function €; 4), are the minors of the determinant 
in (2,3) and A; are the minors of the determinant in 
(2,5) corresponding to the elements with ordinal number 
k in the first row; Cy,. . «Cn» Cy Dy Dy. +» Dp are the 
2n + 2 arbitrary constants, We call the function defined 
by (2,4) a solution abutting the left (initial) end of the 
optimal curve (t = 0), 

This solution will be necessary only for the verifi- 
cation that the boundary conditions hold, 


3, Solution Abutting the Optimal Curve's Right End 
We now consider the second case presented by the 
last of Eqs, (1.7) 





2f (oc) = (3,1) 


System (1,7) becomes linear with constant coefficients: 


Nk mS 2) baat + m,é, 
2§ = 2ck — p2 midty (3,2) 
he = — D) dar da+ Lay, (le <= 1yesuyn) 
Let 
My. - o 0 dbes.« 2 
| eben eo * : ; * ; y 
+» 20, — 2u®, —m,. . ., —Mp (3.3) 
-0,.... —by—p, .,—dmy 
Miigpeere tise. 





3) transpose the first n rows downwards, 

4) in the determinant thus formed, transpose the 
middie column tothe right, making it the last column, 

5) transpose the first n columns to the right, 


As the result of these operations, we obtain the 


2) transpose the middle row downwards, determinant 
— bi + B, 7s oe es, ”™ ba, 0, 2a,, eS # - oie 0 
= in, ie eg bant+ 4, 0, 0, i ao 2an 
V (— ) == om m,, . re Mny 2c—2y?, 0, . . *? 0 . 
_ ‘ 0, My, Oy +p,-, Om 
o ’ 0, Mn, Ones +5 Onntp 
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Now, in order to convince ourselves of the validity 
of our assertion, it suffices to: 

a) take out the minus signs in the first n columns 
and make them rows; 

b) multiply the last n rows by ~1 and make them 
columns, 

If, with such transpositions, the column numbers 
become row numbers and conversely, we obtain, after 
their termination, the following identity: 


V (») = 7 (—vp)- (3.4) 


To complete the argument, we recall the possibility 
of so numbering the roots that the following condition 
holds: 


Re pe< 0 (k= 14,... n+ 4) (3,5) 


Then, taking the conditions at infinity into account, 
we write the solution of Eqs, (3,2) in the following form: 


n+1 
He = D>) Ae (Ye) coe***, 
*=1 


n+1 
E= 2 Ants (ts) Cse”*" , 


8&=] 


n+1 
h=2 D>) poAngs (us) coe*!, 


8=1 


n+1 
= >) Anti+k (Hs) Cs efet 


s=1 


(3.6) 


Here, the 4, are the minors of determinant (3,3) 
with respect to the elements of r of the first row, and the 
c, are constants of integration, 

To obtain the controller's equation for the open 
region, it suffices to take the first n + 2 rows of 
formulas (3,6) and to eliminate time, This equation 
has the form 


Ai (pr), «++ Ar (nti), 


An(Hi)) «+++ An(tn41), Yn | = 0.(3.7) 
Anti(ti),- - +» An(Ynti), § 


Pr4n4s(pr),- - -Pmpid (Yn4s), E 








After expanding the determinant , we find 


g= > Pat — Te 


a=] 


(3.8) 
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which is a linear equation with constant coefficients, 

We must now convince ourselves of the possibility 
of determining the arbitrary constants of integration, 
Formulas (2,4) and (3,6) contain 3n + 3 constants of in- 
tegration, For their determination we have the n + 1 
initial conditions and the 2n + 2 continuity conditions for 
the functions E, Nyy. -5 My» Ateo soe Ane X. at the 
point O¢, and also the continuity condition for the 
function f(0) which we are seeking, We now show how 
to find this function and the constant Oe simultaneously, 


Let 
4 n 
ik ( > PaNa — rt) =4¢, (3,9) 
a=] 
where h is some positive constant, 
Equation (3,8) gives 
E = he. (3,10) 
To determine the magnitude of Oe we find 
ho, = f. (3,11) 


Thus, the final form of the controller equation is 


: +f for o>ca 
E={ ho for [ol< 
—f for o<e 


S., (3,12) 


4, Two Problems 

What has been presented allows us to formulate two 
problems, The first of them consists of the following. 
Given that linear system (1,1), (3,9), (3,10) is stable for 
any deviations, Consequently, nonlinear optimal system 
(1,1), (3.9), (3,12) is stable at least for any disturbances 
with respect to 0 which satisfy the inequality |o|<o«. 
By virtue of the continuity property of the region of at- 
traction, this system is extendedto the limits |o|= 06. 
It is required to determine the boundaries of the region 
of attraction, 

Second problem; We consider the functional in 
(1,3), and remove the term €? from it, Equations (1,7) 
of the variational problem then give the solution f(0) = 
= f sign 0, This solution is compatible with the Weier- 
strass-Erdmann conditions, It is required to determine 
the construction of the switching function 9 = O (ny,.. +» 
Nye &). 





5. Example 


In the case n= 1, b; = b, m, = m, a = a, we have 
the characteristic equation 


pt — (b? + c) p® + am? + cb? = 0, (5.1) 














and the controller equation in the open region is written 
in the form 


ga — Ne) ant eS) E. (5.2) 


m 

This equation coincides with Eq, (5,4) which was 
found in [1, 2]. 

We easily convince ourselves that, in the general 
case, Eq, (3,8) coincides exactly with Eq, (4,5) of work 
[1], which was found for an open region, and with Eq, 
(3,9) of work [2] for regions bounded with respect to the 
angle of deviation of the controlling organ, 

From this there derives the interesting conclusion 
that, everywhere in the open region, the formula for the 
optimal controller is the same, and is determined only 
by the functional adopted as the criterion, 





As in work [2], the question as to the stability of 
system (1,1), (3,12) must be considered separately, 
The author is deeply grateful to N, N, Krasovskii for 
his very useful remarks and advice in regard to the prob- 
lem considered here, 
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INVESTIGATION OF PROBABILITY STABILITY 
USING EXAMPLE OF AUTOMATIC CONTROL 


OF AIRCRAFT COURSE 


V. S. Novoselov 
Leningrad 


Translated from Avtomatika i Telemekhanika, Vol, 21, No. 6, pp, 666-673, June, 1960 


Definitions are given for weak and strong probability stability of undisturbed motion, The concept of weak 
stability is a variation, and something of a generalization, of the definition of stability with respect to upper 
limits of dispersion [1], The definition of strong stability is close to the concepts of probability stability given 
in [2-5], With the example of aircraft course stabilization by means of an autopilot with a constant speed ser- 
vomotor, the attempt is made to construct a methodology for the investigation of automatic control and 


regulation systems as regards their probability stability, 


1, Let the motion of an automatic regulation or 
control system be defined by differential equations with 
random parameters and by random disturbing forces 
which we shall call, in their totality, random factors, 

In the absence of random factors, the system's 
motion will be called undisturbed, We consider the 
random process { x; (t)} (i= 1, 2,...,n) of deviations 
from undisturbed motion by the system, and the n-di- 
mensional band of width €, 

We denote by T(€, T) the length of time during 
which, in a total time interval of duration T, some 
selected realization of the random process lies within 
the €-band, Le., |x, (tls for 0 <t<T. 

The relative time spent by the given realization 
in the €-band during time interval T equals 


v (€,T)=7 (€, T)/T. 


Since the occurrence of some realization or another 
is a random phenomenon, then V (€, T) is also a random 
variable, 

Let there exist two positive numbers Q, < 1 and 
Q, = 1 such that 


P {v(s, T)-> Qi} > Qa, (2.1) 


where the symbol P denotes the probability of the event 
cited within the braces, In this case, we shall say 
that the random process { xj}, during time T, is found 
in the € -band with relative time Q, and with a probability 
not less than Q,, 

If the following relationship holds: 

P {v(e, T) = 1} >@ (1.2) 

than the random process {xj} during time interval T lies 
completely within the €-band with a probability not 


(0<Q< 1), 
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less than Q, 

The quantities €, Q,, Q, and Q give a graphic 
quantitative estimate in the probabilistic sense of the 
stability of undisturbed motion during the finite time 
interval T, 


The following definitions of probability stability of 
undisturbed motion can be put forth, 

We call an undisturbed motion weakly probabilisti- 
cally stable with respect to the admissible set of random 
factors if, for all € > 0 and for any positive numbers ar- 
bitrarily close tounity Q, < 1, Q, = 1, there exists a subset 
of random factors for which Relationship (1,2) holds for 
infinitely large T. 

We call an undisturbed motion strongly probabilisti- 
cally stable with respect to the admissible set of random 
factors if, for all € > 0 and for a positive number Q = 1 
which is arbitrarily close to unity, there exists a subset 
of random factors for which relationship (1,2) holds for 
infinitely large T, 

As follows from the definitions, the property of an 
undisturbed motion to be weakly or strongly probabilisti- 
cally stable is related to the concept of admissible random 
factors, A motion which is stable for some admissible 
random factors may be unstable for another set of them, 
The adoption of one or another set of admissible random 
factors will make concrete the concepts of stability just 
introduced, 


Theorem 1, If the process {x,} has zero mathe- 
matical expectation and, for all 6 > 0, there exists a 
subset of random factors for which 0; < 6, where 9; is 
the time average of the dispersion of the process { x;} , 
then the undisturbed motion is weakly probabilistically 
stable, 

We give proof of this theorem, without pretending, 
however, to complete mathematical rigor, 

For the random process { x,(t)} (i= 1, 2,...,M)s 











let there exist a continuous distribution function 
F(&, t)= P{u<kh, ft. 
We introduce the random function 


1, if | x; <8, 
e(e, a 0, if, for at least one subscript J\% | > &, 


Functions of this type are used in many works [6-8], 
For ¥(€, T) we will have 


T 
v(e, T) = ; | (, t) dt. 


We set up the Chebyshev inequality 


Pie, T)>1-Q)< AEG, ay 


where M is the symbol for mathematical expectation 
and p(é€, Ti = 1- 4 (e, T)(0< Q,< 1). We have 


T 
M \v(c, T)) = 7 \ Mig(e, dt = 


i) 


Tt 

i 

F\Pimi<e, 0 de. (1.4) 
0 


where the symbol ~ denotes an average over the infinite 
time interval, 
Since 


P {|x| <2} > F(e)—F(—8), 


On the basis of formulas (1,3) and (1,4), we obtain 
an estimate of the relative time ¥(€) spent by the process 
in the €-band during the course of an infinite interval 
of time: 


P ijai<e) —Q 
i—Q “ 
where ¥(€) and F(- €) denote the average distribution 


function, taken for the values £4 = € and &j = -e (i= 
=1,2,..., m) respectively, we then find that 


P {v(s) > Qi} > 





Pv) >Q) > M5 FEO e | 





In the case of stationary processes, the probability func 
tions do not depend on time, so that we shall have 


P {jx |<) = P{|m|<e, 0); F(e)= 
= F (e, 0), F(—e) = F(—e, 0). 


For the dispersion of a random process with zero math- 


ematical expectation, we have the obvious estimate 
of (t) >e*P, (e, t), 


where € is an arbitrarily small positive number. Moreover, 


Py(e, t) = P{\x|>e, —0o <2j;< 00} (j= 
1,2....i—4, i+4,..., mb 
We therefore obtain 


Pijn|{<e,t}>1—5 Jol (t). 


i=] 


By taking the time average, we find that 


#()—F(—9) > 1-13) 


i=] 
By virtue of Formula (1.5), we shall have 
Li ~, 
2. of 
P {v(e) > Q) > 1— aq sw ° 


Therefore, the random process being considered, 
during an infinite segment of time, will find itself in the 
€ -band for relative time Q, with probability Q,, these 
quantities satisfying the tt 


Q. =i— 2 es wt a ) ’ < o. (1.6) 


From whence it follows that the undisturbed motion 
will be weakly probabilistically stable if the time average 
of the dispersion can be made arbitrarily small, Indeed, 
for any Q, and Q, which are arbitrarily close to unity, 
there exists a sufficiently small 0 which satisfies relation- 
ships (1,6). 

Theorem 1 is thereby proven, 

We note that, for stationary processes, the dispersions 
do not depend on time, so that 0; = O; (0), 

Let an automatically controlled system be described 
by the equations 


dz 
me X(t, Ty oes Say A(t) C= 12... 0) 


(1,7) 


with random functions f(t) and random initial data x}. 

We shall study the behavior ofthe process { x;} for 
small-size random factors f ,(t) and x}, i.¢., for arbitrarily 
small a > 0 and 6 > 0 and numbers A > 0 and B > 0 
arbitrarily close to unity in the relationships 


Pil fi(t)| <<a}>A, P{\x?| <p) > B, (2.8) 
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With such a choice of the random factors, the follow- 
ing theorem is valid, 

Theorem 2, If the null solution of system (1,7) is sta 
ble for constantly acting disturbances [9], then it will be 
strongly probabilistically stable with respect to the upper 
limits of the disturbing functions and the initial data, 

To find sufficient conditions for strong probability 
stability, both for linear and nonlinear control systems, 
one can use the method of constructing A. M, Lyapunov's 
functions [9] if the conditions of the corresponding 
Lyapunov theorems hold for a sufficiently large number 
of realizations, 

It is necessary to mention that stability for constantly 
acting disturbances is not always decisive in establishing 
strong probability stability, It can happen that the solu- 
tion of system (1,7) may turn out to be Lyapunov-stable 
for some functions f(t) and unstable for others, If the 
probability of finding the realizations { f(t} in the first 
of these sets can be assumed to be sufficiently great, then 
the solution of system (1,7) will possess strong stability. 
The bandwidth € can be made arbitrarily small by the 
proper choice of initial data, 

We consider the system of linear differential equations 


dx 4 
a = Dayz + h(0). 
j=1 


As is well known [10] the solution of this system 
is given in the form 











r1 2 fi (4) 
rq 4 t fa(u) 
=x]. + \ Kieu. lla gy) 
. 0 
“ m) fn (u) 





























Here, X(t) is the normal fundamental matrix solution 
of the homogeneous system.and X,(t, u) = X(t)X™*(u), 
where X~4(u) is the inverse matrix of X(u). 

If, for definite values of a and 6, values of A and B 
satisfying inequalities (1,8) be known, then from formula 
(1,9), one can determine the quantities € > 0 and Q> 0 
such that the random process {x;} will be found in the 
€ -band for any time interval T. 

The necessary and sufficient condition for stability 
of a linear system for constantly acting disturbances has 
the form 


\ | xis(t, u)| du < 00, (1,10) 


where the xt are elements of the matrix X, (t, u). 
The correlation matrix of the solution of the sys- 
tem of linear differential equations equals [11}. 
R(t, 2) =X (+2) 1X (4+ 
(+r t 
+ \ du, \x, (t-++t, Wy) re (Uy, Ug) Xz (t, Uy) dug, (11) 
0 
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where r is the correlation matrix of the original data, 
T2(uy, Ug) is the correlation matrix of the input process; 
a superscript bar denotes the conjugate of the function, 
Let aj; = const and let the roots of the characteristic 
equation have negative real parts; then, by transforming 
the equation to canonical variables, one can convince 
oneself that condition (1,10) holds, 

In this case, for all p> 0, one can find V, > 0 and 
V,> 0 such that, for [rij <v, and|r?;| <V,, we obtain 
[Rij (t. 7) <p. Here, we have denoted by “te rand 
Rj; the elements of the correlation matrices th ts and R, 
respectively. Further, we have 0; = Rij (t, 0) and, con- 
sequently, 9; < yu, From whence, based on Theorem 1, 
we are led to the proof of the following theorem: 

Theorem 3, If the roots of the characteristic equa- 
tion of a system of linear differential equations with con- 
stant coefficients have negative real parts, then its 
solution, for null initial data and disturbing functions, 
equal to M[f ,(t)}, is weakly probabilistically stable with 
respect to the upper bounds of the dispersions of the input 
process and the initial data, 

For definite ¥, and ¥,, one can determine from 
formula (1.11)the upper bound of the dispersion of the 
random process deviations of the disturbed motion from 
the undisturbed, After this, for selected € and Q,, one 
easily finds from (1,6) the definite probability of finding 
this process in the € -band for relative time Q, over an 
infinite interval, 

2, We illustrate the results of Section 1 by the example [ 
of a system of automatic aircraft course control by means 
of an autopilot. 

With certain simplifying assumptions, the equations of 
the controlled system are written in the form [12-13] 


$+ Mo =—Nay=Fd), $=9+09— ZT 

Here, ¢ is the aircraft's yaw angle, n is the angle of 
rudder rotation, M and N are constants characterizing, 
respectively, the aircraft's natural damping and the effect- 
iveness of the rudder device, y is the argument of the 
servomotor, 6 is the coefficient of artificial damping, 
1/a is the feedback coefficient, All coefficients in these 
equations are positive, The servomotor characteristic 
F(~) has the form 


K tor v>% 
F)={ 0 for (d|<% (2.2) 
—K for ¢<—, 


where K > 0 is the servomotor's constant speed, 2%» > 0 
is the width of the symmetric insensitivity zone, 

Let the aircraft's flight, the direction of motion of 
which is controlled by the autopilot, occur in air layers, 
the density of which is a random variable, We shall there 
fore set M= my and N=ny, Here, m and n are positive 
constants, y is the air density, taking the form of a piece- 
wise constant random variable, 

We introduce the following notation, which is con- 








wt 





le 


of 


ere- 
ive 
ce- 





venient for the problem under consideration [13]: 
M? . 
m= etMy, a= — Mx, 


_ M*, M'*/® - 7 rr 
n= me-w(Ete—g) = Me 


and the dimensionless coefficients 


1 M 
*=5m’ ‘= aN’ 
F () = F (fats) = F (29). 


By taking the derivatives with respect to t" of x, X2, 
and Xs, we get, by virtue of (2,1), 

dz, ’ dz ’ 

i = — ut F(z), a= —F (Zs), 


F (2,3) 
Sp = (@—1)2, + ax, — rF" (23). 


The derivative of the positive -definite function 





yao a+ Sat l|PF @)dx, 
0 


computed with account taken of system (2,3), has the form 


V 
w= —la—1a+@—14+ 


+ |a—1|)2,F" (x3) — rF’* (2). 


We obtain from this dV/dt < 0 if the following 
condition holds: 


M (= + Ng)—N>0. (2.4) 


Condition (2,4) is equivalent to the inequality 


> 7 an 
T> Tw ti = a (m + amp) ° 


The density of air can be considered bounded, so 
that we find such a sufficiently large number 7, that, 
with probability equal to unity, we get y < y», 

Let the probability be larger than some number Q' 
that there appear a realization for which, during the 
entire time of motion, 7; < y< y,.We denote by | the 
least value of the function V{x;, Xg, X3; ¥) on the set for 
which y; = y = 72; one of the coordinates x; is equal 
in absolute magnitude to€; the remaining ones are less 
than or equal to €, 

Let there be known a quantity Q® such that 


Pi{ial<3}>Q, (2.5) 


where 8 will be less than €, and is defined by the 
condition . 


\ FF" (za) day + $a + ote Ky, 


0 


for any & which satisfies the inequality 


4 1 
ian S* Say ° 


By assuming that the choice of initial data and the 
inhomogeneity of the atmosphere are statistically in- 
dependent events, we obtain, by virtue of the well-known 
Lyapunov theorem on stability of motion [9], the expres- 
sion 

P{v(s) = 1} >Q, 


where 


G=0'-Q. (2.6) 


Therefore, the random process of deviations of 
direction of motion of the aircraft from the given course 
is found completely in the € -band with probability Q, 

If the aforementioned events are dependent, then 
Q” in formula (2,6) must be replaced by the conditional 
probability of the event defined by formula (2,5),given 
that the event characterized by the formula 7, < y < 2 
has occurred, 

Let y* = M[y] satisfy the condition yy < y* < Ya 
which is equivalent to the meeting of condition (2,4) in 
the absence of random factors, It should be remarked 
that condition (2,4) is essential, since [12] it will be 
necessary and sufficient for the Lyapunov stability of the 
null solution of system (2,1), 

In considering the density y, differing slightly, 
probabilistically, from y*, we arrive at the following 
conclusion, based on our previous consideration, The 
aircraft motion with zero initial data and with atmos- 
pheric density y* is strongly probabilistically stable 
with respect to the upper bounds of the initial data and 
to the differences y— y*. 

We now turn to the consideration of weak probabilistic 
stability of the aircraft's course, 

We shall assume that the aircraft is acted upon by 
random gusts of wind, shock waves and other stimuli 
whose effect on aircraft yaw may be taken into account 
by the introduction of the random function f(t) in the 
right member of the first equation of system (2,1), This 
function equals the ratio of the torque induced by these 
stimuli to the aircraft's moment of inertia with respect 
to the yaw axis, We shall also assume that the necessary 
probabilistic characteristics of the one-dimensional 
random process f(t) are given, 

For action of the disturbance f(t), let the nonlinear 
element with characteristic given by (2,2) admit the 
statistical linearization [14] 


F(?) =ky M [d}+k, (b — M {$]),ko = const, hk, = const. 


With this, the coefficient ky for the nonlinear char- 


acteristic of (2,2) is greater than zero, 
The mathematical expectations M[¢], M[%], M[¥], 
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and M[n] will satisfy system (2,1) if, in the right number 
of the first equation, one adds the function of time 
mf (t)] and, in the right member of the second equation, 
one replaces the existing function by kyM[¥]. 

The random process of deviations of the aircraft's 
motion from the mathematical expectation is defined 
by the equations 


9 + Me =— Ny +/' (0), 
*, = ky’, 


y =9 + Be’ — i 4, 
where the primes denote the differences of the 
corresponding variables from their mathematical 
expectations. 
For the case under consideration, we introduce 
the notation 


(2,7) 


, 


y1= 9, t=’, Ig = 7. 


Then, system (2,7) takes the form 


d d. ' 
“st = 2a, St = — Mx, — Nas +f (t), 


dz 1 
T = ky (x4 “ Ba, —_— =). 

We find the characteristic equation for the homo- 
geneous system: 


n+ (M +“). + ky (™ +NB)i+k,N =0, 
(2,8) 
The coefficients of the third-degree polynomial 
in (2,8) are positive, Therefore, if the following condition 
(the second Hurwitz condition) is met: 


(m 4 *t) (y + NB) —N>0 (2.9) 


the roots of characteristic Eq, (2.8) nave negative real 
parts, 
Relationship (2.9) holds for any positive ky if the 

coefficients of (2,1) satisfy condition (2,4), 

On the basis of Theorem 3, we are led to the follow- 
“ing conclusion, If condition (2,4) is met, then the un- 
disturbed motion (M[¢], M[%], M[#] and M[7 ]) is weakly 
probabilistically stable with respect to the upper boun- 
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daries of the dispersion of the disturbing torque and of 
the initial data, 

We note that, for Mff (t)) = 0, the null solution 
yg = = ¥ =n = 0 will be undisturbed, 
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THE PROBLEM OF SHAPING FILTERS AND OPTIMAL LINEAR SYSTEMS 


Yu. P. Leonov 


- 
Moscow 


Translated from Avtomatika i Telemekhanika, Vol, 21, No, 6, pp. 674-681, June, 1960 


It is shown that, under sufficiently general conditions, a nonstationary random process can be formed from “white 
noise* by means of linear filters, The weight functions of the shaping filters are determined, 


1, Posing of the Problem - 
Given a random’ function Y(t) (a < t < + 0) which kz (ty, ts) = > Diz, (ty) ze (te) 
is stationary “white noise* with mathematical expectation k=1 
M[Y] ® 0, correlation function ky (u) = 5(u) and spectral 
density function G(w) = 1/2 m, It is necessary to show 
that a nonstationary random function X(t), with M[X] ® 0, 
(0 <t < T) may, under certain conditions, be presented 
in the form 





(5) 


converge to the correlation function in the usual sense, 
With this, the definition of convergence in the mean is 
meaningful only for random functions with finite dispersions, 
To solve the basic problem, it is necessary for us to 
present the function Y(t) in the form of (3), We therefore, 
X= AY (1) consider this problem first, In order to represent the 
function Y(t) by the series of (3), it is necessary to introduce 
a new concept of convergence, Convergence in the mean 
can obviously not be used, since the function Y(t) has in- 
finite dispersion, Specifically, we shall say that the random 
function Up(t), as a function now of the parameter n, con- 
verges weakly in the mean to the random function U(t) 
if there exists, in the mean-square sense, the limit of the 
following integral as n -> oo: 


where the operator A, is defined if the function X(t) 
is given, * 

In work [1], expression (1) is called the integral 
canonical representation of the random function X(t), 
The problem posed here is also called the problem of 
constructing a shaping filter, 

We shall also consider here the inverse problem of 
presenting the “white noise" Y(t) in terms of X(t), In this 
case, 


T 
Y= Al'x, (2) an (T) =\ R(t)Un(t)at, (6) 
0 


2. Solution of the Problem 
Let ¥({t) (-a@ < t< + @ be a stationary random function 
with correlation function ky(u) = 5(u) and spectral density 





where R(t) is an arbitrary “sufficiently smooth" random 
function, uncorrelated with U,(t), and such that 





function G(w) @ 1/247 (a < w < +a), The function Y(t) (a3 at 
is frequently called “white noise", since it contains all \ R(t, t)dt < oo. 
frequencies with identical dispersion density, Tn 
It is well known [1] that a random function Z(t) can be The random variable of (6) is basically identical to 
presented as a series (canonical expansion) the generalized random function introduced in [4, 5]. 
i The only difference is that here, as the space of the 
| basic functions, we have choosen the space of random 
Z(t) = (3) 
(#) 2 Bx2x (t), functions while, in [4, 5], the space of nonrandom functions 
was considered, 
where the random variables satisfy the conditions * For stationary random processes, such a representation 
is well known (cf,, for example, [3]). 
D; for j=i + Convergence in the mean is defined by the condition 


M [(B;B,) = 54D; = ees (4) 
j i 0 fo j+#i . : 
lim M | Z(t)— >} By, ()| = 0. 
noo kek 
and the z,(t) are some regular (nonrandom) functions [1], 
In order that series (3) converge in the meant to the + It is assumed that the random function R(t) has a bounded 
function Z(t), according to the basic lemma of correlation dispersion, is continuous in the mean, and has the 


theory [2], it is necessary and sufficient that the series necessary number of continuous stochastic derivatives, 
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Below, we extend the results of correlation theory [2] 
to generalized random functions, Such an extension is 
carried out here,since it is lacking in [4, 5}. 

According to the basic lemma of correlation theory, 
it is necessary and sufficient for the convergence of (6) 
that there exist the limit, in the ordinary sense, of the 
numbers 


Paw’ = M {an, 4n’} 
independently of which sequences n and n° run through 
asn,n' > o, 
Thus, it is necessary and sufficient that there exist 
the limit of the numbers 


TT 
Prin = Qe (la» ta) M (Un (tr) Uw (ta)} dladty (7) 
00 
independently of which sequences n and n‘ run through 
as n, n* > o, 
We now consider the function U,(t), defined by the 
formula 


Untt) = > Cryx (0), (8) 


k=1 
where the random variables C,, satisfy the condition 


M{C,C,} = by? (9) 


and {y,,} is an arbitrary system of orthonormal functions 
on the interval (oo, + oo), complete in L,, We then 
obtain, for the numbers pp, y*: 


TT min{n,n’} 
pr = N*\\ kp (ty t) Dy yetidyn()atidts. 20) 
00 k=1 


The numbers Pn, n'* defined by (6), converge in 
the mean, Indeed, 


T min {n,n’} 


Pn,n’ = n*\ > Mx (t1) Yr (t,) dt, (10a) 


0 k=1 


where 11, = (kps yy) are the Fourier coefficients of the 
function Kp(tr, t,). By virtue of the fact that kp eie-~ 
and that the system of functions {y),} is complete in L,, 
the sum of the integrand of (10a) converges in the mean 
as n> oo to the function kp (t, t,). With these conditions, 
we obtain the following for p,: 


# 


T é 
geen N#\ kr (t, t) dt. pal 
0 
But formally, on the other hand, weave — 
TT T 
Na\\ ker (tr, t2)3 (t,— ty) dtydt, = N*\ kp (t, t)dt = Pro. 
00 0 
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Thus, the series N* > Yq (%)y_(te), which formally, 
k=1 


is the correlation function of the random function. 


Y (t) = > Cryx (t), (12) 
k=1 


possesses the properties of a delta-function, 

Consequently, it may be said that the random function 
Y, defined by the series of (12), converges weakly in the 
mean to white noise, 

We now turn to the basic problem, We present the 
white noise Y(t) by the series in (12), with the assumption 
that {y,} is a system of orthonormalized functions 
which is complete in L,, We then determine the random 
variables Cy, in (12) from the formula 





V 
Cy = 


VD,” 


where the random variables V, are the coefficients in 
the expansion of random function X(t) in a series of the 
form of (3): 


(13) 


X(t) = >) Vere (t) (14) 


k=1 


and Dy = M[V;}. 
We now consider the linear operator 


+o 
Ms \ w,(t, )¥ (t)dr, (15) 


—co 


where the weight function is defined by the series 


wz(t, t) = 2) V Date (t) ye (2). (16) 


k=1 


The functions x(t) are the same as in (14), 
Then, from (12), (13), (15), and (16), we get 


+00 for) 
AY = \ wx(t, t)¥(t)dt = S\ Vere (t) a 


—oOo k=1 


and, consequently, we have 
+00 
X=AY= \ wyx(t,)¥ (dr, 18) 
zs 
* *This follows from the condition 
+00 
\ ke (1, t) dt < ce. 
—oo 
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where the integral is taken in the mean, and w,(t, T) is 
defined by formula (16), 

We note that (17) isa generalized random function 
X(w,) in the sense of [4, 5] (the notation is the same 
as in work [5]), Giving the function w,(t, T) is equiva- 
lent to defining the space of the basic functions, de- 
pending on a continuously varying parameter t (the usual 
functions from the space of basic functions depend on 
a discretely varying parameter), The necessary require- 
ments on the function w(t, T) are determined by the 
finitude of the dispersion of the random function X(t), 

The functions w,(t, T) and Y(T) in (17) can be 
defined in infinitely many ways, For this, it suffices to 
use any other expansion of the function X(t) in a series 
of the form of (14), As is well known [1], it is always 
possible to do this, 

We also note that if the “white noise* Y(t) is so 
chosen that (18) holds, then there exists one, and only 
one function w,(t, T ). 

Indeed, if it be assumed that, for one X(t), there 
exist two functions wy and W2ethen from (18), we obtain 


-+-0o 
\ {w, (t, t) —we(t, t)}¥(t)dte=0. (19) 


—oo 


By virtue of the completeness of the system of 
functions {y,} ,» this identity is possible only if wy = wp. 

After the problem of (1) is solved, there is no dif- 
ficulty in solving that of (2), 

Indeed, we consider the linear operator 


sa 
As*X = \ wy (t, 1) X(x)dz, (20) 
= 
where the weight function is defined by the series 
co 
1 Y,(t)a,(7) (21) 
w(t, t) = >) 
tm VOR 
the functions a;,(t) satisfy the conditions 
(a;, 2%) = 35 (22) 


and {y;,} is an arbitrary system of orthonormal functions 
which is complete in L,. 
From (20), (21), and (22) we obtain 


Y = 47'X = >) (23) 


Vp 
D, Ye (t)- 
k=1 VD, 
On the basis of what has been previously stated, 
the series in (23) converges weakly in the mean to white 
noise, Consequently, we have 


+-co 
Y (t) = \ wz" (t, t) X (2)dx, 


—oco 


(24) 


where the function w;t (t, T) is defined by relationship 
(21), Thus, we have obtained the solutions to the prob- 
lems of (1) and (2), 

However, it is sometimes important to know which 
functional Hilbert space Hg it is inswhose metricsthe 
series of (21),converges to the function w(t T), and 
whether, in general, such a space exists, It is obvious 
that the function w(t, T ) itself will also lie in the space 
Hg since, by definition, it is a complete space, 

We now determine the space We compute the 
scalar product of any two functions w4(t, t,) and w(t, ts) 
in Hp by the formula 


(w,,ws)p = \\\ Ke (ty ts) w, (tty) 2» (t, ty) dtydtydt (25) 


where k(t, t,) has the form 


ke (ty, te) = >) Di ae (ts) te (ts). 


k=1 


(26) 


The domain of integration in (25) is defined as 
t, \, t% € T. For simplicity of notation, the limits of 
integration will always be omitted, The coefficients D, 
and the functions x,(t) in (26) are, respectively, the 
dispersions of the random variables V, and the coordinate 
functions of expansion (14) of the random function X(t), 
The series in the right member of (26) converges to the 
function k(t, t,) since the following series converges:t T 


Kez (ty, te) = >} Drsty (ty) 2x (te). (27) 
k=] 


It is also obvious that the function k(t, t,) is 
symmetric and positive-definite, As follows from (25), 
the square of the norm of a function w(t,7) in space Hy 
is defined by the formula 


t T Indeed, if series (14) converges in the mean to random 
function X(t) then, in accordance with the basic lemma, 
series (27) must converge to ky(ty, tz). Consequently, 


the positive series > D,. must converge, and Dy ~-0 
k=1 
for k +> oo, 


oo 
Thus, the series >) Dj, is dominated by the con- 


k=] 
co 
vergent series > D,, and, consequently, from the con- 
k=1 


vergence of series (27) for any |, t, € T follows the con- 
vergence of series (25) for the same &, t, € T. 
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\ \ (ta te) wit, ty) w (t, te) dt, dt, dt. (28) 


lw li, = 


It is easily verified that the norm thus defined, 
by virtue of all symmetry and positive-definiteness of 
function k(t, t,), satisfies all the necessary axioms for 
norms, 

We now define the functional Hilbert space Hg 
as a linear set of continuous functions which is closed 
in the sense of the metric introduced by (28), 

We now prove that series (21) converges to the 
function wo (t,t) in the metric of space Hp. For this, 


we find the square of the norm of a segment of series (21): 


| y ee C= p. Dy. (29) 
k=n 
co 

Since the series >) D, converges, then the sum in the 
k=1 


right member of (29) tends to zero asn-* a, It follows, 
thus, thatseries (21) converges in the metric of space Hg 
and, consequently, the existence of the space in which 
the function w(t, T) lies is proven, However, it is 
possible to a not just one, but a nondenumerable 
set of spaces H! in whose metrics series (21) converges, 
It suffices for this, for example, to substitute for the 
function k(t, t,) in formulas (26) and (28) the functions 


co 
Key (ty, te) = >) Di te (ts) te (te) (@ =2,3, 4, «..,). (30) 
k=1 


Space Hg is obtained for? = 2, In particular cases, 
it may turn out that function ws! (t, T) lies in subspace 
of Hg, for example Ly, or even the set of C of continuous 
functions, With this, CCL, Cc Hp: 


3, Application of Representations (1) and (2) to Optimal 





Linear System Theory 

The problem of determining an optimal linear 
operator B consists of the following, It is necessary to 
approximate in the very best way to a given random 
function Z(t) by a random function BX [an operator on 
X(t)] by observing the random function X(T) on the 
interval (—oo, t), It is assumed with this that M[X] = 
= M[Z]=0, The optimal operator B obviously lies in 
the class of linear operators, namely, 





t 
\ w* (t, t) X (t) dr, 


—oo 


T(t) = BX = (31) 


where w*(t, 7) is the weight function corresponding to 
the optimal operator, The closeness of the function I(t) 
to Z(t) is defined by the mean square error 
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M {I (t) — Z(t))*. (32) 


An operator B*which provides a minimum mean 
square error is considered to be optimal, It can be 
shown [1] that the optimal weight function must satisfy 
an integral equation of the form 


t 
. 


\ w(t, t)k,(u, t)dt = kez (t, u) (—co <u<_p), (33) 


—oo 


where k (ty, t,) and Kx tae te) are, respectively, the 
autocorrelation function of X(t) and the cross correlation 
function of X(t) and Z(t), which are assumed to be 
known, 

Here we considered only one variant of the optimal 
system problem, Other variants lead to integral equa- 
tions analogous to (33), We therefore limit ourselves 
to a consideration of the solution of Eq, (33), To solve 
Eq. (33), we must first make one remark, which is a 
simple corollary to the results of Section 2, 

Let there be given the weight function w(t, T) of an 
arbitrary linear system, 

It may always be assumed that this linear system 
forms, from some white noise, 


co 


Y(t)= J 


k=1 


F, 
VD; Y(t), 


at its input, a random function P(t) of the form 


P(t)= >) Fabs (t). 
k=1 


According to (16), the weight function w(t, 7) must 
have the form 


w(t, t)= > Y Dr,be(t) y, (2) = D th (t) Y(t)» (34) 


k=1 


Then, the weight function w*(t, 7) of the inverse 
operator, in accordance with (21), is written in the form 


d 
w(t, qa 3 eal D Vy (Ee), 5) 
k=1 V Dp, 
where the functions b,,(t) and d,(t) satisfy the biortho- 
gonality condition 


On the basis of the remark just made, the solution 
of Eq, (33), if it exists, is determined in an elementary 








4) 


35) 


36) 





way. Indeed, we present the function k,(u, T), the 
weight function of the linear operator in Eq. (33), by 
the series 


k, (u, t) = > 7, (4) Uy (t), (37) 
k=1 


where 1, = (ky, y;,) and {yy} is any complete system 
of orthonormalized functions in Lz, Then, in accordance 
with the previous remark, the weight function of the 
inverse operator has the form 


k=-1(z, u) = Dy, (2)6, (u). (38) 


By applying the inverse operator to both members of 
Eq. (33) and by taking (38) into account, we obtain the 
solution in the form 


w(t, ) = Dy (2) (hex (t, u)G (u)du. (99) 


k=1 


If we use the expansion of the correlation function 
in a series such as (5), we then obtain 


kz(u, t) = >) Duty (u) ay (t) 


k=1 


and, for the inverse operator, 


kz" (t, u) = 3 Se (7) ay (4) 


D . 
k=1 k 


we get 


w(t, t) = > “A hes (t, u)ay(u)du, (40) 


k=1 


Then, for the weight function of the optimal operator, 4, 


If we use the expansion of the correlation function 
in a series with respect to orthonormalized eigenfunctions, 
we obtain 


kz (u, t) = >) Dede (u) de (2), 
k=1 


where D, and Y(t) are, respectively, the eigenvalues 
and eigenfunctions of the equation 


Ve (u, t))(t)de = Do (u). (41) 


Formula (39) is then written in the form 


w’(t, t) = >) = (t) \ kes (t, u)d,_(u) du. (42) 


key * 


Results (40) and (42) were obtained in [1], 

The author thanks V, S, Pugachev and A, M, Yaglom 
for reviewing the manuscript and for their valuable re- 
marks, 
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THE OPTIMAL CONTROL OF SYSTEMS WITH DISTRIBUTED PARAMETERS 
A. G. Butkovskii and A, Ya. Lerner 


Moscow 


Translated from Avtomatika { Telemekhanika, Vol, 21, No, 6, pp. 682-691, June, 1960 


The paper poses the problem of the optimal control of systems with distributed parameters for certain classes of 
objects described by systems of first-order partial differential equations and by the heat conduction equation, 
The solution is adduced for one optimal control problem for an object described by a first-order partial differen- 
tial equation, and the functional block schematic is given for an optimal control system for objects of this type, 


The recently developed optimal system theory 
allowed new approaches fo the solution of the control 
problem to be developed, The posing of the problem, 
in all the generally known works on optimal control 
theory, derived from the tendency to take into account 
limiting conditions imposed on the controlling stimuli 
and on the coordinates of the given portions of systems 
described by systems of ordinary differential equations 
(for example, [1-4]). 

The solutions of these problems can be based on 
L. S, Pontryagin’s maximum principle [3-7], R, Bellman's 
dynamic programming method [8], or on the use of iso- 
surfaces in phase space [9, 10], However, in many en- 
gineering applications, one has to do with objects with 
spatially distributed parameters which are impossible to 
replace by delay lines, This can give rise to the circum- 
stance that the controlling stimuli can be applied to 
various points or regions of the distributed system or to 
the position that the control problem is the attainment 
of a given distribution of object states, 

The optimal control problems for such objects cannot 
be solved by a direct employment of the well-known 
methods, and require a new approach to their posing and 
to their solution, 


1, Posing of the Problem 
We shall consider systems with distributed parameters 
which are described by partial differential equations, 
Many objects of control can be described by systems 
of first-order partial differential equations: 





8Q 
t= f(s, t, Qi--++Qns on, 
9Q,, 


oreo Uy, +++, Ups Vetir+-- 
(i = 1,2,...n), 


(1) 


»Urp, Wrttr-++>» w, ) 


where Qy = Qx, t)(i=1,..., ) are functions of the 


two arguments x and t, defined in the rectangle J) = x = 4, 


ty = ts t, and characterizing the object's state; uj = u,(t) 
(j= 1, 2,..., k) are controlling functions of the variable 
t, constrained by the condition 


F (uy, «2.5 Ur) KC. (2) 
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Here, F is some given functional, and C is a constant, 

Further, Vy = VAX t)(j=k+1,..., 1%) are con- 
trolling functions of two variables, constrained by the 
conditions 


art ¥; 


ax* at® 


< Aj, (3) 








where y and 6 depend on j, w, = w(x) (j= r+1,...+, 8) 
are controlling functions of onb vatlable X, Constrained 
by the condition 


d* w(x) 
dz 








< B;, (4) 


where & depends on j. 

In the given case, we can formulate three optimal 
control problems, 

1, To vary the controlling stimuli uj, v,. W; 
(j= 1,..., 8) constrained by conditions (23, (3), (4), 
so that, with initial conditions 


a (z, ty) = Qin (z) (5) 


and boundary conditions 


Qi (lo, t)= Qio (¢) 


some functional 


/ 8Q 
I= I\z, t, i; _. = Uj, Vj; w;) 


(i=mi,...,a;f wi,...,8) (6) 
will be minimized, Here, Q;, Uje Vio Wi are vectors with 
the corresponding coordinates, 

IL, To vary uj, Vj, Wj (j= 1, 2,..., 8) so that a 
function of the type of (6), for fixed values of x lying on 
the segment [J,, 1,) (for example, for x = 1), attains its 
minimum value, 

Ill, Finally, to vary uj, Vj, Wj (j= 1, 2,...4, 8) 80 
that a functional of the type of (6), for fixed values of 








dif 
we 


eq 
co 


wit 


an 














t lying on the segment [t, tJ, attains its minimum 
yalue, 

This is the problem with “free ends, i,e,, in the 
case when no limitations are imposed on the functions 
Q; = Q; (x, t) fort=t (i= 1,2,...,m). However, it 
is meaningful in some cases to require that the state 
functions Qj = Q; (x, t) (i= 1, 2,..., 1) differ in some 
known sense from certain given functions Q*= Q? (x) 
by a magnitude not exceeding a permissible deviation €, 
In other words, it is necessary to require that the vector 
function Q = Q(x, t) = (Qh (x,t), + + « » Qp (% t)), fort = t, 
lie in some given € -neighborhood of the vector function 
Q* = Q*(x) = (Ql (x), . wo» Q; (x)), i.e., that the follow- 
ing condition holds: 


max | Q(z) — Qi(z, t1)|<e 
(7) 
(le << ly, t = 1,2, ... 2). 


In connection with this, one might also pose the 
problem: to vary the controlling stimuli u;, v;, w 
(j= 1, 2,... , 8) sothat there shall be minimized, in 
some sense, the deviation of the vector function Q(x, t) 
from a given vector function Q*(x) for a fixed time t, 
for example, to attain 


min max | Q' (x) — Qi(z, t,)| 
(8) 


ihqzql, imi,2,....@b 


Many controlled objects are described by partial 
differential equations of second and higher orders, Here, 
we shall consider one of the fundamental problems of 
mathematical physics, namely, the heat conduction 
equation, We first consider the one-dimensional heat 
conduction equation in the simplest case: 





bad me “ +g (x, t, Uy (t)) (9) 


with initial conditions 





Q(z, to) = Q(z) (10) 
and boundary conditions 
| 5-1, + Bo (lor 1) = dr (ts u2(t)), 
(11) 
|, + Pil, Y= 4% (ts a(t), 





Here, g, ¥; and #» are given functions of their ar- 
guments; a, 8, and 8, are coefficients which, in the 
general case, depend on x, t and Q(x, t); Q = Q(x, t) is 
a function of the two arguments x and t, defined in the 
region lp = x = 1,, t) = t = t and characterizing the 


state of the controlled object, and uy(t), up(t) and us(t) 
are controlling functions constrained by conditions (2) 
for k = 3, 

The optimal control problem for such objects can 
consist of the determination of the law of variation 
of the controlling stimuli u,(t), ug(t), and u(t), con- 
strained by conditions of the type of (2), for which the 
functional 


T= I(t, x, Q,92, Fe, wy wo, us) (2) 
attains its minimum value, In other cases, instead of 
minimizing functional (12) with the same conditions (2), 
it is necessary to choose the controlling stimuli so that 
functional (12) will be minimized but,for fixed x from 
(9, 44) or for fixed t from [to, t]. 

Additional conditions, analogous to condition (7) 
can be imposed on the function Q = Q(x,t), i.¢,, the 
function Q = Q(x, t), at time t = t, must lie in some 
given € -neighborhood of a given function Q* = Q*(x), 
for example, 


max | Q"(z)— Q(z, ti)|<e b<2<h). (13) 


An analogous problem can be posed for a three- 
dimensional object, described, for example, by the heat 
conduction equation 


aQ _ (a , Q , MQ aQ 
oe = aes + Gye + Gr) + ae + 14) 
aQ 


+ ve + Vs 5. +¢(P, t, uy,... Ux) 





with initial condition 
Q(P, 0) = Q,(P) (14") 
and boundary condition 


9Q 


On 





+ BQ|r = 9(P, t, Uktiy +++, Ur) rr: (15) 


Here, P is a point of the body D bounded by surface 
I; n is the external normal; a, 44, 4%, 4% 8 are given 
functions of the point P and time t; g and » are given 
functions of their argumerits, Limitations of the type of 
(2) are imposed on the controlling stimuli uy, ... » Uy 


It might be important here to solve the problem of 
finding such controlling stimuli which, in conjunction 
with limitations (2), will give the functional 


T=1(P, t, Q(P, ts try-.+5ur) (8) 


its minimum value, 
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With this there may still be imposed the further condi- 
tion that the function Q = Q(P, t) for t = t, be found in 
some € -neighborhood of a given function Q*(P), for 
example, that the following condition hold: 


max|Q"(P)—Q(P, HIS aay 


Here there might also arise the problem: to so vary 
the controlling stimuli uy,,... , u, that the deviation 
of the function Q(P, t\) from the given function Q*(P) 
is minimal in some sense —for example, that during 
time t = tty the following integral be a minimum: 


\\\(e°)—@ 0, war. 


D 


Moreover, the following problem is also of interest: 
to determine those controlling stimuli wy, ... »U, SO that 
the functional of (16) will attain a minimum, where the 
point P¢I’ CIT, , where I is some definite part of 
the boundary, 

It is necessary to mention that here, as in the case 
when the object is described by equations of the type of 
(1), the controlling functions may depend, not only on 
time t, but also on the spatial coordinates x, x and y, 

Or X, y, Z, Or only on the space coordinates, 

A large number of engineering problems, related 
to the creation of optimal control systems for objects 
with distributed parameters, lead to the mathematical 
problems which we have just enumerated, 

Such objects, for example, are flow-through furnaces 
for the heating or thermal processing of materials, If, 
with this, we are limited to the accuracy of solution which 
the theory of regular regimens [11] can give, then objects 
of this type can be described by first-order partial differ- 
ential equations of the type of (1), In this case, the li- 
mitations of (2) flow from the limitations on range of 
variation of the controlling stimuli, limitations on their 
speed of variation, etc, Limitations (3) and (4) are 
imposed on spatially distributed controlling actions as 
occur, for example, in velocity heating furnaces, 
deriving from the impossibility of practical implementa- 
tion in the furnaces of temperature fields with very high 
gradients, For such objects, functional (6) to be minimized 
might stand for the time to compensate disturbing 
stimuli, the mean square deviation of the material's 
temperature at the furnace output from a given tempera- 
ture, etc, As disturbing stimuli here, there might be 
adduced variations of temperature at the input to the 
furnace (or in one of its zones), variations in the tempo 
at which the material is fed through the furnace, varia- 
tions in thickness of the layer of material to be heated, 
Introducing the quantity Q, which characterizes the 
material's state, as a vector rather than a scalar,is due 
to the fact that the requirements on the processing might 
include, not one, but several indicators, such as, for 
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example, temperature, chemical constitution, crystal 
structure, etc, 

The problem of optimizing a thick body in a flow- 
through or chamber furnace leads to a posing of the 
problem wherein the object is described by second-order 
partial differential equations, such as (9), It might be 
necessary here to attain a given temperature distribution, 
in minimal time or with minimal expenditure of energy 
(functional (12)], in the body to be heated, or to guarantee 
that the nonuniformity of heating does not exceed some 
given magnitude, 

It is with such types of problems that one has to deal 
in creating automatic control systems for a broad class 
of frequently occurring practical production processes, 

In addition to the aforementioned heating and thermal 
flow-through and chamber furnaces, this class of objects 
includes rotating kilns for sintering free-flowing materials, 
continuous dessicators for ribbon and free-flowing ma- 
terials, blast and open-hearth furnaces, ribbon-sintering 
furnaces, machines for continuous plating, etc, 


2. Example of an Object with Distributed Parameters 





For a certain class of objects, such as continuous 
furnaces for heating “fine” billets, heat exchangers, and 
many others, the equations describing the process can be 
reduced to first-order partial differential equations, 

We consider, for example, the one-sided heating of 
a “fine” lamina (Biot criterion, Bi = 0,25) which (Fig, 1) 
moves through the furnace of length L with a velocity 
of vy =v(t)=0 for0 s=t=T, We use the notation: 
thermal capacity of the metal is c, the specific weight 
is y, the lamina thickness is s, the heat transfer coefficient 
to the metal in the given range of temperature variation 
is a, 
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Fig, 1, Single zone flow-through heating furnace, 
Q = Q(x, t) is the metal temperature as a function 
of the coordinate x and the time t; u(t) is the fur- 
nace temperature as the controlling stimulus; 

v = v(t) is the speed at which the metal passes 
through the furnace, 

















We assume that the temperature of the furnace's 
working space (Fig, 1) is the same at all points and that, 
for 0 = t = T, the following limitation is imposed on it: 


u, u(t) <a, (18) 


where uy and uy are, respectively, the upper and lower 
admissible or attainable limits of temperature variation 
of the furnace's working space, 

With the aforementioned assumptions taken into 
account, one can write the equation of the metal heating 
process in the furnace in the form 


a2 iw2+Q—u=0. 9) 


Here, Q = Q(x, t) is the metal temperature at point 
x at time t; a = cys/a is the coefficient characterizing 


the metal's thermal properties, We shall assume that 
this coefficient depends only on the quantity 


t= s—loinrep. 


In the case of radiant heat transfer, this equation 
can be considered the same as an equation in increments, 
The initial conditions have the form 


Q (x, 0) = Q(z), O< 2K, 


where Q»(x) is a given function, 
The boundary conditions have the form 


Q(0, t)=0, O<t<T. 


In Eq, (19) we carry out the nondegenerate change 
of variables given by the formulas 


=t+]v(p)dp, t=t. (20) 
0 


The inverse transformation has the ‘form 


t 
E=2—\v(p)dp, t=. (21) 
0 


After the change of variables, Eq, (19) takes the 
form 


ag VE) +96 y=u(). (2) 


In this equation, the term with the partial derivative 
with respect to € drops out, By solving this equation for 





fixed € and, thereafter, transforming back to the original 
variables by means of Formulas (21), we get 


' t 
Q (2, t) =e" *[Q,(z —\v(p) dp) + 
0 


1 - 
+ + \u() e*dp|, 
0 
where Q, and a are given functions of the single argu- 
t 


ment — = x —\v(p)dp. 


0 


3, Optimal Control of Systems with Distributed 





Parameters 

For many objects described by equations of the type 
of (19), the optimal control problem amounts to finding 
controlling stimuli, constrained by a condition u, = u(t) 
Su, for 0 <= t = T, such that the functional 


yy 
T=\ (Qg—Q(L, srt (24) 
0 


attains its minimum value. Here, Q, is some given 
function of time t or is a constant, 

For the continuous furnace of the example of 
Section 2, this requirement signifies the requirement 
that the mean square deviation of the metal's tempera- 
ture at the furnace output from a given temperature be 
minimized, 

By setting x = L in formula (23) and substituting 
in (24), we get 


[ —€* Q,(L— —\vovar) - 
t p 2 


\u(p)e* dp| dt 


0 


[= 


owen 


(25) 


| 
——e 
a 
With the notation 


8(0) = Q,—e” * Qo(L—(v(p) dp), 


Expression (25) can be written in the following equiva- 
lent form: 


T 
=| e@-—4@rd, (26) 


where A(t) is defined by the equation 


aA’ (t) ++ A(t)=u(t) for 4(0) =0. 





Here, the optimal control u = u(t) can be found 
by means of L, S, Pontryagin’s maximum principle [6]. 


The function H has the form (27) 


H = 419) —A (PP ——+ 4) + 4.0), 


where ¥, = const < 0, and yy, satisfies the equation 
i | 
$= 2[8(t) —Alt)ldo +h. (28) 


We determine from (28) that 


t t 
$, (t) = eo {ec + \(8(p) —A (p)le- . dp}, (29) 


0 


where C is an arbitrary constant, 
The maximum of the function H is attained for 


Ug, if d, ov 0, 


u(t) = 
U1, if d, < 0. 

However, based on the maximum principle, it is 
impossible to find an optimal control u = u(t) in the case 
when ,(t) ® 0 on some segment of the extremals, Such 
segments, following Rozonoér ({12], Pt. Il), we shall call 
singular, On singular segments, function H does not de- 
pend on u, and the control u = u(t) with the condition 
Uy = u(t) < u, must be so chosen that 


0(t) — A(t)=0. (30) 


We assume that condition (30) is met on the portions 
of the optimal process for 0 st =t, andt, =t = T. 
Then, in accordance with [12], Pt. I, in the conditions 
of problems with “free ends," it is necessary to have 
¥,(T) = 0, From this we find that, in expression (29), the 
constant C equals zero and that, during the course of the 
optimal process, the following condition must hold: 


T Pp 


| 0(¢)—A(e * dp = 


0 


(31) 

t, _P 

{ (9 (¢) —A(t)je *dp=0. 

ty 

Thus, the optimal control has the form 
a 
u, for \[8(p)—A(p)je * dp>O, 

(32) 


u(t) = 


ie: 
| Us for \[9(p)—A(p)je * dp<0O. 


ee ta a ae 


We now assume that it is necessary to smooth, in 
some optimum way in the sense of minimizing the 
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functional of (24), step disturbances in the coefficient 
a, The function a = a(€) has the form* 


a, for E<0, 


—" G for §>0, 


t 
where a and a, are constants and € = x — \ v(p) dp. 
0 


In this case, 6(t), at some moment of time t', ts 
ss t* st, will have a jump, Then, in accordance with 
(32), the optimal control corresponds to the maintenance 
of u during the interval (t,, t,) at one of the limiting 
levels, the choice of which depends on whether the co- 
efficient a decreased or increased, 

The moment t, at which there occurs the transition 
from the singular segment to the nonsingular one is 
defined by condition (31), The optimal process thus ob- 
tained is shown in Fig, 2, 
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Fig, 2, Optimal process for a 
disturbance in the coefficient a, 


We now determine the optimal control u = u(t) on 
the singular segments where condition (30) holds, For 
this, we multiply both members of expression (30) by 


ae’/® ard differentiate them with respect tot, Then, if 
the function Q)(x), is differentiable with respect to t, we 
t 


obtain for O< L— \v(p)dp< L, 


0 


P t 
u(t) =Q+av(tye © Q(L—\v(p)dp), (39) 


0 


where 


said ay, for t€ (0, ty], 
ag for t € [te, T}. 





*This corresponds to a variation in thickness of the 
billets fed to the continuous furnace, 
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Fig. 3, Block schematic for 
the optimal control system for 
an object with distributed para- 
meters, R is a three-position 
relay: uy, 0, U, as a function 
of the signal 6a = ag~a;. 1 is 
the object, 2 is the optimizer, 
3 is a model of the object, 


It is obvious that condition (33) will also be sufficient 
for the holding of condition (30), Thus, expression (33) 
gives the sought-for control on the singular segments of the 
optimal trajectory, 

Implementation of the optimal control process we 
have found may be achieved, for example, by means of 
the system whose block schematic is shown on Fig, 3, 

As is obvious from formulas (31) and (33), it is necessary, 
for the implementation of the optimal process, to have 
the function Qy = Qo(x), the coefficient a, and the velocity 
function V = V(t), 

These data can be obtained from a model of the object, 
the parameters of which are tuned automatically by 
means of the optimizer, The initial data, obtained from 
the model, are fed to computing devices CD1 and CD2, 
Device CD1 determines the moments for the initial tran- 
sition from the singular portion of the trajectory to the 
nonsingular one,and from the nonsingular one to the 
singular one, With this, there is first opened, and then 
closed, a key which passes the sign of the increment of 
coefficient a which is subject to the disturbance, Relay 
element R has the output values u, or u, as a function of 
the sign of the increment of a, Device CD2, using the 
initial data in correspondence with formula (33), deter- 
mines the value of controlling parameter u = u(t), 


SUMMARY 


1, In automating objects with distributed parameters, 
it is necessary, in seeking an optimal control, to go to a 
variational problem of a new type, formulated in Section 
1 of the present work, 

2, The standard works on optimal control theory do 
not directly give a general method for solving the problem 
posed here, 

3, The characteristic special features of the objects 
of control considered here are: the presence of both 


lumped and spatially distributed controlling stimuli and 
the limitations associated with them, which are imposed, 
not only on the time derivatives of the controlling stimuli, 
but also on their derivatives with respect to the spatial 
coordinates and their combinations, It is an essential 
point that these controlling stimuli can enter, not only 
into the equations of the process, but also into the boun- 
dary conditions, 

4, Control of the objects of the type considered may 
be directed towards the achievement, either of a minimal 
deviation of the object's state from a given one, or to 
a given distribution of object states with certain conditions 
being met, There becomes very important, with this, 
the question of the attainability of the given states, 

5, In the present paper we cited one of the ways in 
which the problem posed here can be reduced to a problem 
which can be solved by means of L, S, Pontryagin's max- 
imum principle, 

6, For the optimal control of the objects considered, 
the control system must contain a sufficiently large opera- 
tional memory in which there can be stored the disturbing 
and controlling stimuli for a quite prolonged period of 
object operation, 
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THEORY OF CERTAIN INDIRECT CONTROL SYSTEMS 
WITH SEVERAL ESSENTIAL NONLINEARITIES 


R, A. Nelepin 
Leningrad 


Translated from Avtomatika i Telemekhanika, Vol, 21, No, 6, pp, 692-705, June, 1960 


In various domains of technology there are employed 
single-pulse systems for controlling pressure, level, 
temperature, speed, etc,, with hydraulic, electromechan- 
ical or pneumatic amplifiers, The presence of moving 
parts and linkages in the controllers gives rise to the 
appearance of dry friction, free play, etc,, that is, to 
factors which occasion essential nonlinearities of the 
characteristics, As shown both by theoretical investiga- 
tions and by practical experience, these nonlinearities 
frequently have a decisive effect on dynamics, 

One of the first works devoted to the analysis of the 
dynamics of nonlinear systems of indirect control is 
Léauté's classic work [1]. The most significant results 
in this direction were obtained by A, A, Andronov and 
his coworkers ([2, 3] and others), These, and many other, 
investigations explained the influence, principally, of 
one or another nonlinearity individually, In actual con- 
ditions, there are usually several characteristic nonlin- 
earities, The problem thus arises of singling out systems 
with standard complexes of essential nonlinearities and, 
on the basis of an analysis of their dynamics,of constructing 
nomograms or tables which might facilitate the design 
and adjustment of these systems, The solution of this 
problem, despite the significant number of in vestigations, 
remains in its initial stages [4]. 

Below, we consider the simplest systems with 
account taken of nonlinearities of the types of hysteresis 
loops, dead zones and saturation, Each of these non- 
linearities is given a physical interpretation, but other 
factors can be reduced to them, 


The System to Be Considered 

For the disturbed motion of the indirect control 
schemes [5, 6] to be considered, we have: 

the equation of the object of control 





Tap + kp =p; (1) 


the equation of the measurer and valve, with account 
taken of Coulomb friction in the valve 


for 7+0 


+ bsign = 9 +84 
for y=O0, 


(2) 


but | yn— 9 — dn| =, 
"= const for | yn— 9 — Sp| < 4; 
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the equation of the servomotor with a dead zone and 
power limitations 


Ty —csignn=—% for e<|al<a 
B=0 for |nl<e, (3) 
p=constfor || ><;. 


As % > @, we have, from (3), the equation of a 
proportional control servomotor with a dead zone: 


Tu —csigny = — 7, for |y| >, 


. (4) 
#=0 for |nl<e. 
As c, > c and (c;— c)/Ts = 1/T¢ = const, we obtain 
the equation of a constant speed servomotor with a dead 
zone: 


Tw —csigny = —c,signy for |y|>c, 
p= 0 for |nl<e, 


Here, , 1, » are dimensionless coordinates of the 
object, the valve and the servomotor (the measurer's 
coordinate is eliminated by means of the valve equation); 
T, and T, are the time constants of the object and ser- 
vomotor, respectively; k is the self- alignment coefficient; 
y is the measurer’s nonuniformity coefficient; 5 is the 
feedback factor; b and c are the insensitivity coefficients 
of the valve and servomotor,respectively; c, is the value 
of coordinate n for which ji attains its greatest magnitude, 

We shall consider all the coefficients in Eqs, (1)-(5) 
to be constant, while of them, in particular cases, b, c, k 
and 6 may be zero, and, moreover, k and 6 can be less 
than zero, For 5 = 0, we have a controller without feedbad 

As an example, Fig, 1 shows the schemes of con- 
trollers whose dynamics, with well-known assumptions, 
are described by the equations just given, Some of the 
controllers with such schemes are obtained from the 
l, L Polzunov TsKTI, the F. £, Dzerzhinskii VTI, the 
A, N. Krylov TaNII (SSSR), the English Kent and Bailey 
companies, the German Askania Company (controllers 
with jet pipes) and others, It is important to mention 
that the most widely used schemes in practice of those 
cited are the controller schemes with feedback of Fig, 1, 
b and c, in which the measurer and valve are rigidly 
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connected, and the frictional forces in these elements 

are inseparable, For such schemes, the foregoing equa- 
tions take into account the dry friction in all the elements - 
in the measurer, valve and servomotor, 


Method of Investigation 











For the investigation of the aforementioned systems, 
the concept of phase space is applicable, this concept 
having achieved great popularity in control theory, both 
in the USSR and other countries, after the well-known 
works of A, A, Andronov and his school, 

We note the specific peculiar features of constructing 
the phase images of the systems with which we are 
dealing, First, these systems are piecewise linear, which 
allows us to obtain the equations of the phase trajectories 
in the usual form, In considering spaces composed of 
regions with different trajectories, the concept of virtual 
singular points is useful [7]. Second, in the three-dimen- 
sional phase spaces of the systems under investigation, 
the trajectories are laid out on a definite form of oriented 
plane, which permits the investigation of the projections 
of such spaces on one plane; to elinrinate nonsingle- 
valuedness we employ multisheeted phase surfaces [8, 9] 
which are analogous to the Riemann surfaces in the theory 
of functions of a complex variable, 

The representation in phase space of a topological 
map leads, in essential points, to quantitative results by 
means of the method of point transformations of Poin- 
caré — Brauer — Birkhoff— Andronov, We note that the 
presence of the Kronecker function in [2] allows the re- 
presentative point to move only in definite directions on 
parts of the segments of the characteristics of the equi- 
valent nonlinear link i = f(¢ + 6p). We denote these 
as the basic directions, As the basic directions of the 
remaining segments, we shall understand such directions 


in which the representative point can move in its cyclical 
circuit of the designated characteristic, If the point 

does not move in a basic direction, then it will either 
move during a finite time only in basic directions, or fall 
on a resting segment (or at infinity), without completing 
an oscillation, Therefore, for an employment of the 
method of point transformations, it suffices to take into 
account only those portions of the phase surface sheets 
which correspond to the aforementioned basic directions 
which allow one to obtain a simplified multisheet 
surface with linked (joined) phase trajectories immedi- 
ately, 


Parameter Space of the Systems Considered 





For system (1)-(3), the regions corresponding to 
the different types of motion are located in the space 
of parameters 


FeO, dav ags- > 0 
a= 5p =. = jer. > (for k>0), 


T 


a ~ 


c 
d, = yeT, > 0 (for k <0), G=T>0 


and are defined in the following way, In the region for 
which a > -1,a+d> 0, ie,,5T, + ykT, > 0,1+5k> 0, 
k > 0 ( we call it region I), there lies surface T whose 
coordinates are determined, after elimination of the para- 
meter V;, from the equations 


FAV)=FV) (GF), =Gr), + © 


Ov OV 


where 





( V4 At oxp a arctg A,) for (a—1)*? < 4d, 
F,= G(Bln 5—y—") a e for (a— 1) = 4d, 
exp(z4, In A) for (a— 1)* > 4d, 
De es 1 A 
V At + (V —1) exp|— 7— are go ) for (a— 1)* < 4d, 


F = (V —1)exp > 








1—A V 


(V — 1) exp( — v4) 


for (a — i)? = 4d, 


479 















Ajay Sete 1, Butts for (a—1)* < 4d, 

















(a + 1)? a+1 
A=1 (A, =0), B= “+? for (a—1)® = 4d, 
- 2 (a + 1) ee —A@t+1+V(a+1—4 (a+) 
A= 1, B= 
a+1—V(a+ i—4(e+ dj : 


for (a — 1)? > 4(a + d) 
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Surface T, part of which is shown on Fig, 2, divides region I into the subregions of absolute stability Ia and 
of rigid autooscillation mode Ib, In subregion Ia lie the points for which d < d° (for a = a° = const, G = G° = const), 
where a°, d° and G° are the coordinates of surface T. For G = 0 (i.e,, c = 0), subregion Ib degenerates to the 
region of soft autooscillation mode and, for G = @ (i,e,, b = 0), disappears entirely due to the coalescence of 
surface T and the plane a = -1, 

‘In the absence of a dead zone of the servomotor (c = 0), the boundary of stability coincides with that found 
previously in [3], and is defined by the trace of surface T on the plane G = 0 passing through the points a = -1, 
d= 1, anda=0, d= 3,04, The remaining regions of the space being considered are of lesser practical interest; 
without giving the formulas for them, we fall back on Table 1, in which the case c, = ow is referred to system 
(1)-(3), 

For system (1), (2), (4), the corresponding regions are constructed in the space of parameters a, d, d;, G, 
E=b/y (cy-c) = 0, If the point lies in the aforementioned subregion Ib, the given system, for G > 0, can be 
absolutely stable or autooscillatory (rigid mode), The parameter values on the boundary between stability and 
autooscillations in subregion Ib are determined by eliminating parameter V, from the system 


F, (V3) = F (V2), (W).> Wy,’ 





5 | aoe — 1) (7) 
iam P37, Vs) for (a—1)* < 4d, 
B B 
E=)5(Bin g—y-—"2) for (a — 1)* = 4d, 
B B 
ga (Bln gy, Ys) for (a—1)* > 4d. 


When V, = V4, the inequality in (7) becomes an equality, Stability corresponds to values of E > E° (for 
a = a = const, d= d° = const, G = G’ = const), where a’, d°, G® and E° are defined in accordance with (7). For 
fixed G, the parameter space of system (1), (2), (4) for region I can be constructed in the coordinates a, d, E, 
With this, the region of autooscillation will be bounded by the plane E = 0, the cylindrical surface R and by some 
surface S (Fig. 3), An increase in G leads to a decrease in the region of autooscillation, A number of the com- 
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TABLE 1 





Form nonlin, 
considered 


Character of poss, syst. motions in reg, of param, values 


























Values of nonlin, seanes ef eaatiie. I Il It IV 
parameters a>-1 a<-l a<-l 1) a+d< 0 (for 
a+d>0 a+d>0 a+d,>0 k > 0) or 
(for k > 0) (for k > 0) (for k < 0) 2) a+ d, < 0 (for 
k < 0) or 
3)a+d>0 
a> -i(for k < 0) 
4% =o Linear system Abs, stability Abs, instability | Abs, stability Abs, instability 
c=0 
b=0 
4 =O Saturation Absolute stability | Autooscillation Stability bounded | Absolute 
c=0 nonlinearity (soft mode) instab, “in the instability 
b=0 large* 
4 =o Servomotor dead |Absolute stability | Stab., bounded | Autooscillation Instability 
c#0 zone instab, "in the | (soft mode) 
b=0 large® 
4 = @ Coulomb friction |Abs, stability or | Absolute Autooscillations | Absolute 
= 0 in valve autooscillations instability (soft mode) instability 
b#0 (soft mode) 
4 #o@ Satur, nonlin,,  |Abs, stability or | Autooscillations | Autoosc, (soft Absolute 
c=0 Coulomb fric, autooscillations | (soft mode) mode) bounded instability 
b#0 in the valve (soft mode) instab, “in the 
large" 
% =a Coulomb fric, Abs, stability or | Stab, bounded Autooscillations | Instability 
c#0 in valve and ser+ autooscillations | instability “in | (soft mode) 
b#0 vom, dead zone | (rigid mode) the large" 
4 #@ Satur, nonlin,,  |Abs, stability or | Autooscillations | Autooscillations | Instability 
c#0 Coulomb fric, in| autooscillations | (rigid mode) or | (soft mode), 
b#0 valve and ser- | (rigid mode) abs, stability bounded instab, 
vom, dead zone “in the large” 
or abs, instab, 
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TABLE 2 










































































| 
a 0,000 4,000 2,148 3,867 6,472 8,180 11,04 
d| 3,045 4,441 5,905 7,977 | 10,98 12,89 16,05 
E co oo oo co oo co co 
Gao |%| 1490 | 25,02 55,48 | 106,0 156,3 206 ,4 256,8 
= d| 20,21 | 30,92 63,50 | 1414,2 164,9 215,4 266 ,3 
E co oc co oo fre) co ve) 
a | 306,8 356,9 407,14 507,2 | 1008 1508 2008 
d | 316,6 366 ,9 417,5 517.7. | 1020 1520 2022 
E fe) oo co oo oo oo oo 
a! 41,054! 3,992] 6,679! 140,75 | 43,28 | 413,42 13,45 
d 9,857 | 16,26 22.80 32,40 39,19 38,53 38,64 
E| 5,158 9,441 | 13,83 20,36 24,35 24,57 24,62 
a| 43,27 16,34 23,90 31,68 39 ,67 55,54 87,24 
G=0,2}d| 39,80 | 45,31 | 62,18 | 79,19 | 97,04 | 113,6 200 ,6 
E| 25,45 | 29,24 | 40,92 | 52,82 | 65,18 | 89,33 137,6 
a | 165,6 244,6 322,4 635,0 947,1 | 1260 4574 
d | 368,2 538, 4 703,41 |4368 2030 2692 3352 
E | 255,5 374,8 491,14 959,4 | 1426 1894 2359 
a 0,9120| 4,337 9,564 | 45,17 25,68 £9,014 29,22 
d| 22,85 47,29 81,06 | 41415,5 166,7 198,4 199,14 
E| 2,026 4,78 8,456 | 12,33 18,09 24,42 21,74 
a| 29,36 30,4 35,50 54,24 66,48 84,20 417,3 
G=1,0| d 5 206, 4 236.4 327,4 420,4 515,7 703,41 
E| 24,88 22,62 25,95 36,25 47,73 57,62 78,94 
a | 183,6 347,6 512,6 675,5 | 1329 1982 2635 
d |4077 1989 2913 3810 7429 11,04-108|} 14,65-408 
E | 124,4 225,3 330,4 432,9 845,5 | 1258 1669 
a 0,1526| 2,138 7,707 | 16,19 25,32 39,14 47,73 
d| 33,39 61,85 | 129,7 223,9 321,0 464,5 552.0 
E| 0,9529| 2,038 4,634 8,376 | 412,49 17,86 24,32 
a| 48,28 50,08 58,34 83,83 | 4140,3 137,3 419,14 
G=2,0| d | 557,4 576,0 | 659,6 915,5 | 4175 1444 4974 
E| 24,56 22,29 25,58 | 35,72 46,09 56,74 77,73 
a | 298,6 564,8 832,7 1096 2158 3216 4278 
d |3022 5590 $192 40,71-10%| 20,92-408| 31,05-108! 41,26-108 
E | 4149,5 221,7 325, 1 426,0 ; 1235 1644 
a 0,6062} 3,353} 411,04 | 22,75 35,38 54,43 66,99 
di} 65,54 | 449,8 | 254,5 435,4 626 ,6 905 ,8 1089 
E| 0,9683| 2,048 4,662 8,329} 42,49 17,78 21,49 
a| 69,55 80,91 | 4116,0 152,9 190,0 264,2 ,| 412,4 
G=3,0| d |1125 1288 1785 2305 2824 3856 5909 
E| 22,2 25,54 35,48 45,97 56,53 17,23 118,7 
a| 781,14 /|4148 1545 2984 4443 5908 7364 
d |10,98- 4108/45, 99-4109/24 ,02 -108|44,05-108| 60,95-408| 80,94-10%| 100,7-108 
E | 221,4 322.3 | 424,3 | 828,6 | 1232 1636 2035 
a 1,056 4,563 | 414,37 29,30 45,44 69,65 85,53 
| d | 105,7 196,6 413,6 716,8 | 1033 1490 1788 
E| 0,9743} 2,054 4,663 8,345 | 412,49 47,74 21,35 
a| 88,88 | 103,4 148,3 195,3 242,4 336,9 525,6 
G=4,0)| d |i850 2123 2948 3305 4652 6353 9728 
E| 22,13 | 25,42 35,54 46,07 56,28 76,97 418,2 
a | 996,0 1466 1932 3796 5667 7532 9397 
d |18,11-10%|26, 48-40°/34, 74 -10°|67,56-410%| 100,7-40%| 133,5-108| 166,6-10% 
E | 220,6 | 323,4 423,8 824,2 | 1232 1634 2038 











TABLE 2 (continued) 





































































































4. Oe 
| a 1,507 5,760 | 17,70 | 35,84 55,52 85,10 104,6 
d|4157,2 | 291,2 | 646,41 |1067 1542 22314 2682 
E| 0,9797| 2,054| 4,674] 8,337| 412,24 17,86 21,56 
a|108,4 | 126,0 | 4180,8 | 237,6 | 234,8 411,0 639,4 
G=5,0| @ |2764 3165 4409 5675 6934 9536 14,53°108 
E| 22,19 | 25,48 | 35,62 | 46,06 56,25 77,77 118,3 
a |41208 1779 2345 4602 6880 9148 11,41-108 
d |26,88-10°|39,35- 10°|54,60- 10°/100,3-408| 149,9-408| 199,4-108| 248,0-408 
E| 2419,3 | 320,6 | 449,8 | 822,5 | 41228 1630 20314 
a! 1,952} 6,968] 21,06 | 42,24 65,40 | 100,5 122,0 
d | 248,14 | 405,7 | 860,7 {1477 2139 3117 3700 
E| 0,9748| 2,044] 4,703| 8,251| 12,46 17,92 21,32 
a| 123,14 | 123,3 | 428,2 | 148,5 212,7 279,6 347,5 
G=6,0 | d |372 3729 3881 4412 6130 7893 9690 
E| 21,44 | 21,45 | 22,40 | 25,44 | 35,53 | 45,98 56, 40 
a | 483,0 | 752,0 |4420 2097 2763 5418 8104 
d |13,24-108|20, 22- 108/37, 40- 108/55, 08-10| 72, 12-40%) 140,0-108| 209,4-408 
E| 77,20 | 117,9 | 248,0 |322,9 | 422,5 | 818,0 1224 
a| 0,0112| 2,392] 8,148] 24,37 48,83 75,40 115,6 
d|160,0 | 288,0 | 535,8 |1142 1969 2843 4136 
E! 0,4305] 0,9713} 2,038 | 4,697 8,297 | 12,15 17,87 
a|141,8 | 148,1 |170,3 | 244,9 | 323,8 | 399,0 553,9 
G=7,0 | d |4958 5184 5818 8154 10, 62-10%] 12,83-408| 17,48- 408 
E| 21,36 | 22,37 | 25,40 | 35,54 | 46,67 56 ,00 76,33 
a | 867,0 |1643 2414 3180 6254 9319 12, 45-408 
d |26,99-108|50,29- 108/73, 13- 108/95, 99-40% 187,4-10°| 278,3-108| 373,0- 10° 
E|419,2 | 222,2 | 322,5 | 422,5 | 823,0 | 1223 1636 
a| 0,1451/ 2,850! 9,431! 27,99 55,30 85,41 130,8 
d|205,1 |371,5 | 697,8 (1495 2520 3648 5296 
E| 0,4343} 0,9826] 2,092] 4,824 8,265 | 12,16 17,82 
a| 160,8 | 166,6 | 193,2 | 275,6 | 364,3 450,2 626,5 
G=8,0 | d |6383 6617 7505 10, 35-10%] 13, 49-40%] 16,38-10®| 22,44- 40° 
E| 21,60 | 22,17 | 25,36 | 34,98 46,13 55,55 76,37 
a | 978,3 |1849 2723 3590 7060 10,52-40*| 14,00- 108 
d |34,49-10|63,94- 108/93, 66- 10°|122,8-108| 239,8-108| 356,1-108| 473,8-10* 
|E| 117,3° | 218,6 | 319,4 | 418,5 | 825,8 | 1227 1628 
1a! 0,2777/ 3,290! 10,62 | 31,01 | 64,93 | 95,20 | 4145,2 
| |d|255,0 | 461,3 867,0 1826 3156 4523 6531 
E| 0,4289} 0,9762} 2,079| 4,697 8,323 | 12,09 17,50 
a | 176,8 | 187,5 | 245,8 | 307,4 405,5 | 503,9 702,2 
G=9,0 | d |7723 18340 19378 12,91-403| 16,75-10°| 20,56-108| 28,27-408 
E| 20,95 | 22,40 | 25,34 | 34,92 45,40 | 56,05 77,47 
a |1091 2058 3034 (3997 7870 11,74-10°| 15,59-108 
d |43,03-10°|79,42-10°|116,6-10°/152, 7-108) 298,9- 10°| 444,6-10%| 589,0-10° 
E | 118,4 | 216,0 | 322,0 | 424,5 821,5 | 1220 1615 
la 0.4121; 3,722! 11,80 33,92 | 68,43 | 106,41 160,5 
d | 310,7 559,4 1054 2177 | 3849 5630 7986 
| E| 0.4281; 0.9861) 2,067| 4,634 8,308 | 12,42 17,56 
|| 198,6 | 205,1 | 239,0 | 341,2 | 447,0 | 554,6 773,4 
G=10,0| d |9765 9988 11,52-10/15,92-10°| 20,38- 10°) 24,96-10*| 34,36-108 
E| 21,74 | 22,13 | 25,66 | 35,73 | 44,93 | 55,60 76,97 
| a 4242 (2266 13352 4424 8701 12,96-10°| 17,21-108 
| d 153, 20-10/96,52-4108|142, 7-10°|187, 3-409 366, 2-109) 543,0-10%| 720,0-108 
|£|120,0 | 245,5 | 323,5 | 423,5 | 826,0 | 1223 1624 
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TABLE 3 
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emt) d | 300 400 | 500 

E| 220,4|  459,6 698,8 943,4 1187 

a<5 | 4| 100 200 300 400 500 

E| 209,2|  448,2 689,0 931,4 1176 

axio |@| 100 200 300 400 500 

E\ 197,0|  437,4 678,8 921,8 1165 

amis |@| 100 200 300 400 500 

E| 183,7|  424,2 665,4 909,8 1154 

axo5 |4| 100 200 300 400 500 

E| 154,7|  397,6 640,4 886, 4 1131 

a=50. |2| 500 1000 1500 2000 2500 

E| 4070 2296 3527 4762 5995 

a=i00 |2| 500 1000 1500 | 2000 2500 

E| 936,8| 2474 3407 | 4644 5883 

a=200 |¢| 500 1000 1500 | 2000 2500 

E| 589,5| 1904 3151 | 4409 5637 

al er d| 4000 1500 2000 | 2500 3000 

G=0,2| e=300 |r! 1601 2881 4134 | 5378 6612 

a=4o0 |4| 1000 1500 2000 2500 3000 

E| 1248 2584 3853 || «(5104 6352 

a=s00 |@| 1000 1500 2000 | 2500 3000 

E 0 2256 3562 | 4828 6084 
a=2.5.402 |@|_50-108| 1140-448 150-40° | 200-10° | 250-408 
| E \117,9-408| 242,3-108 | 367,1-40® | 492,1-40® | 616,4-108 
a=5.198 || 50-108] 100-108 150-108 200-108 250-108 
E\144,5-408| 236,1-40° | 361,0-40® | 485,2-40° | 609,7-108 
a=10-108 | 2}. 50-408} 100-108 150-108 200-108 250-108 
E |91,08-108| 223,1-408 | 347,9-410® | 472,0-10® | 597,4-108 
a=15.492 | 2}. 50-408 100-408 150-108 200-108 250-408 
E |83,16-40°| 208,8-40° | 334,5-408 | 459,8-40® | 585,4-408 

ait d\- 400 ~~ £00 360 | 400 500 
bs E| 31,99} 69,09 106,8 144,9 183,1 

ems |¢| 100 200 300 400 500 
E| 26,59} 64,29 102,2 140,4 178,7 

aio |@| 100 200 300 400 500 
- E| 19,34) 58,98 97,36 135,7 174,2 

axis |@%| 100 200 300 400° 500 
- E 0 53,14 92,08 134,3 169,3 

a 7 d} 100 200 300 400 500 
Cui en igi 0 37,74 80,39 120,3 159,3 

a=so || 500 1000 1500 2000 2500 
E| 129,7|  329,8 525,3 ' 724,4 917,7 

a=100 |%| 500 1000 1500 2000 |. 2500 
E 0 271 ,4 473,6 672,3 868,9 

a=z090 | @| 1000 1500 2000 2500 3000 
E 0 343,2 560,0 764 ,4 959, 5 

a=300 |%| 1000 1500 2000 2500 3000 
E 0 0 403,2 633,7 845,4 

ax4oo |%| 1000 1500 2000 2500 3000 
- E 0 0 0 455,3 703,9 

a=s00 |%| 1000 4500 2000 +~=| 2500 3000 
E 0 0 0 | 0 499,8 
ax2.5-498 |%| 50-408) 100-10, | 150-108 | 200-108 | 250-408 
mee E |17,34- 10°) 37,29-10® | 57,24-408 | 77,19-10® | 97,05-40° 
ax5.108 |%|. 50-408) 100-108 150-10 | 200-408 250-108 
_ E|14,48-10%| 36,77-108 | 54,77-108 | 74,72-40® | 94,64-10° 




















TABLE 3 (continued) 

































































. — d} 50-10%} 400. 108 150-108 200-108 2500-408 
G=1.0 | 2-10-10 |e} “0 | 29,00. 40° | 49,47-10 | 69,58-10° | 89,71-108 
a=15.408 |2| 50-10% 100- 108 150-108 200: 10° 250-108 
cy & 0 21,40- 108 43,50-108 64, 12-108 84,39-108 
ail d| 400 200 300 400 500 
E 9,938 22,94 36 ,30 49,83 63,49 
nis d| 100 200 300 400 500 
= E| 4,487] 19,39 32,98 46,63 60,36 
‘ute d| 400 200 300 400 500 
7 E| 0 14,90 29,28 43,14 57,12 
_ d| 100 00 300 400 500 
- E| 0 0 0 30,32 45,57 
ont d| 1000 1500 2000 2500 3000 
E\ 98,28]  470,6 242,2 313,4 384,9 
oF " d| 1000 1500 2000 2500 3000 
G=2,0) o=100 |g] 0 130,0 205,6 278,9 351,8 
a=2990 | 2| 1000 1500 2000 2500 3000 
" E| 0 0 0 190,0 268,7 
a=2.5.10%| 2 |. 50-108) 100. 108 150-108 200-108 250-408 
E |5,493- 10°) 12,85-108 | 20,15-40® | 27,42-40® | 34,72-40 
a=5.102 |%|. 50-40 100-108 150-108 200: 108 250-108 
as E \2,778- 10°! 41,03- 4108 | 18,45-40® | 25,77-40® | 33,07-40° 
a—10-108 |2| 50+ 40°) —100- 40° 150-108 200-108 250-408 
- E O | 5,594-108 | 14,49-408 | 22,10-40® | 29,55-108 
a=i5-108 |2| 50-108) 100-408 150-108 200-108 250-108 
oi E 0 0 | 8,434-408 | 17,77-40° | 25,64-40° 
ais d| 4100 200 300 400 500 
" E| 4,195) 10,74 17,39 24,24 34,16 
_ d| 100 200 300 400 500 
E| 0 7,554 14,67 24,66 28,67 
_ d| 400 200 300 400 500 
— E| 0 0 11,26 18,72 25,95 
a. d| 4100 200 300 400 500 
- E| 0 0 0 0 14,30 
- d| 1000 1500 2000 2500 3000 
G=3,0 | a=50 E| 37,09| 76,54 113,9 147,0 187,9 
a=200 | 2| 1000 4500 2000 2500 3000 
- E| 0 0 0 0 59,40 
a=2.5-409| Z| 50-10%} 100-108 150-108 200-108 250-108 
=a, E |2,352- 10°] 6,250-40® | 10,06-40® | 13,84-40® | 17,64-10° 
axs.1g2 |2| 50-40 400-408 150-108 200-108 250-108 
-” E O | 4,734-40® | 8,704-10% | 12,54-40% | 16,36-10° 
a=to-108 |2| 50-40%) 100-408 150.108 200-108 250-108 
- E 0 0 5,041-108 | 9,510-40® | 13,53-10° 
a=15.108 |2| 50-108} 100-408 150-108 200-108 250-408 
- E 0 0 0 0 | 10,01-108 
ee d | 100 200 300 | 400 5 
= E\ 1,948 5,776 9,754 | 13,83 17,97 
en d| 100 200 300 400 500 
E| 0 0 7,344 11,60 15,84 
a d| 400 200 300 400 500 
E| 0 0 0 8,825 13,42 
C=6,0T" . a d} 1000 1500 2000 2500 3000 
- E| 0 38 , 22 61,90 84,80 107,5 
a=2.5. 40%] 2|. 50-40%} 400-408 150-108 200-408 250-408 
E \1,048- 108) 3,555-10® | 5,905-10® | 8,226-40% | 10,55-108 
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TABLE 3 (continued) 
aideeiiela ie bot 
for 
a — es d 50- 108 100-108 150-108 200-108 250-108 
G=4,0 | e=5-10 Ip 0 | 2,135-108 | 4,745-40° | 7,148-108 | 9,503-108 
_ d 50- 10° 100-108 150-108 200-108 250-108 
vsttiaiaad f\__ 0 oO | __O {| 4,298-10 | 7,039-108 
pau “d| 100 200 00 400 500 
E 0 3,363 5,977 8,644 41,38 
ee _¢ d| 100 200 300 400 5 
G=5,0| a=5 E| 0 0 3,494 6,599 9,476 
a=50 d | 1000 1500 2000 2500 3000 
E 0 14,01 36 ,03 51,71 67,04 
a=2.5-10% %| 50-10%] 100-408 150-108 200- 10° 250-408 
, E 0 | 2,212-108 3,816- 10° 5, 382-108 6, 961-105 
a—5-10» |@%| 50-10% 400-108 150-108 200-108 250-108 
E 0 0 2,771 -10° 4,441-164 6,051 - 108 
oa d) 100 200 300 400 500 wh 
7 E 0 2,010 2,853 5,712 7,618 
dul d| 100 200 300 400 500 
E 0 0 0 3,730 5,887 stal 
ne = d} 1000 1500 2000 2500 3000 ' 
G=6,0) «=50 iz] 0 0 20,79 32,94 44,18 at 
a=2.5.40%%| 50-10% 100-449 | 150-40 |  200-40° | 250-108 as 
, E 0 1,440-108 2,611-10° 3,749-108 4,891 -108 vel 
a=5.102 |%| 50-10%} 100-408 150-40 | 200-10 | 250-408 the 
hes gE ee! _| 1,630. 108 2,907 - 10° 4,087 -108 obs 
Rais d| 1000 1500 000 £500 3000 stal 
in E 12,72 20,32 28 ,08 35,95 43,80 or | 
aS ei d| 1000 1500 2000 2500 3000 | 
G=7,0) o=50 [gl 0 0 0 24 ,66 29,96 4 
a==2.5- 109 d 50- 108 100 - 108 150-108 200 - 108 250-108 
oe E 0 |0,9578- 108 1,866 - 10° 2,732-108 3,594 -108 
a: d| 1000 1500 2000 2500 3000 
” E| 9,490] 15,36 24,32 27,40 33,54 bou 
< sas d| 1000 1500 2000 2500 3000 7 
G=6,0 | «=50 E| 0 0 0 12,67 20,43 mm 
aes ios E 0 |0,6344-10 1,374-108 2,049 - 108 2,736-108 
aii d| 1000 1500 2000 2500 3000 oe 
o E 7,240 11,87 16,62 21,42 26,32 are 
d| 1000 1500 2000 2500 i 
G=9,0| e=50 E| 0 0 0 0 13,49 is e 
=? 5.103 d 50- 108 100-108 150-108 200-108 250-108 
ee oe 0 |0,3726-410° | 1,031-410® | 1,582-10% | 2,133-108 
a d | 1000 1500 2000 2500 3000 
- E 5,620 9,408 13,26 17,24 21,09 
d | .1000 1500 2000 2500 3000 
—2.5-10° d 50- 10° 100-108 150-108 200 - 108 250- 10° 
er is 0 0 |0,7817-10% | 1,244-10° | 1,692-10° 
puted values of the coordinates of surface R are given in Table 2, and those for surface S, in Table 3, The values 
of parameter E in Table 2 are given for the points of contact of surfaces R and S, Surface T consists of the traces 
of surface R on the plane E = 0, so that Table 1 also contains the boundary values of the parameters for the previous 
P ary P P 
system (1)-(3), For G = 0 in subregion Ib, the system (1), (2), (4), will always be autooscillatory (soft mode), 
With no feedback in the controller (6 = 0), the boundary of stability is defined by the traces of surfaces R and S 
on the plane a = 0, and coincides with that constructed previously in [2], The behavior of the system in the other 
regions is clear from Table i, where the case «, # o (i.e,, E # 0) has been referred to system (1), (2), (4). We 
note that in region IV, for k > 0, c > 0, for some initial conditions there is a subregion of attraction of the rest give 
segment, This last remark also applies to system (1)-(3). may 
?ma 
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In the previously cited cases of rigid modes of autooscillation, the threshold values of the initial deviations, 
bounding the subregions of stability of systems (1)-(3) and (1), (2), (4) “in the small," may be expressed by the 
formulas 


2b (1 +- A%) 


noe Seg {a iP < 4, 
B(BAn ea in V2) 
2b 
9 (0) + 84 (0) = b + ye-4+ | 7 foe (a — 1)? = Ad, ~ 
B (Bin ~~ __ —Vs) 
B—V, 
2bA 
aa «(for ~(a—1)* > 4d, 


| B (B In s—V;~ V2) 


9 (0) + dp. (0) = 0, 


where the parameter V, is defined by the first equation and inequality in (7), 

For k = 0, the systems under consideration are autooscillatory only if 5 > 0 and b #0, 

From the spaces constructed it follows that the Coulomb friction in the valve has a negative effect on 
stability. The servomotor's dead zone and the saturation nonlinearity affect stability positively for stable objects 
(k > 0) and negatively for unstable objects (k < 0), On the whole, the effect of the nonlinearities treated here 
is so significant that, due to them, an absolutely stable linear system may become absolutely unstable, and con- 
versely, In the most important region practically, k > 0, 5 > 0, the dependence of the boundary of stability on 
the magnitude of the Coulomb friction and on the magnitude of the saturation nonlinearity parameter c, is only 
observed when several nonlinearities are taken into account jointly, In this region, the deleterious influence on 
stability of the Coulomb friction in the valve can be compensated by an increase in the servomotor‘s dead zone, 
or by limiting its maximum power, These stability requirements are in conflict with requirements for rapidity 
of system response, Increasing the stability margin at the cost of increasing 6 is contrary to the requirement on 
static accuracy, It is therefore advantageous to have quantities estimates, 

For relay system (1), (2), (5), the parameter space was previously constructed in [3], It follows, from a 
comparison of the stability boundaries of these three systems , that the region of stability of system (1)-(3) is 
bounded upon the introduction of a saturation nonlinearity; with a transition from system (1), (2), (4) to a relay 
system, no increase in.the region of stability occurs, 


Other Questions of Dynamics 

In analyzing a system by our designated method, the “amplitudes” of autooscillations are defined by the 
coordinates of the stable fixed points of the corresponding point transformations, and the periods of autooscillations 
are defined by the sums of the times spent by the representative point on the segments of the trajectories making 
up closed cycles, Thus, for system (1)-(3), in subregion Ib, the “amplitude® of the autooscillation x, = (¢ + &)may 
is expressed by formulas (8) with V, replacing V, in them, where the parameter V; is determined from the system 





F, (Vs) = F (V9), (FH), < Fr), ) 


With this, the period of autooscillation, for example, for (a-1) > 4d, will be 

















2b 
A/|B —;—— + Vs 
274 A wAVe—t tp —b— ye 
eed ee ee ee P 
Tp k LB(A—1) E> tee B + 
V.—A 1 i, Vs—1 (10) 
‘te siheae exp (73 na) 
id 1 V,—1' A 2ye 
(V3 — A) exp(7—G n V,;—A a Zp—b — ye 


Autooscillations are ordinarily not the working modes of the systems being considered, so that we shall not 
give all the corresponding formulas here, But, for k = 0, 5 > 0, b> 0, all three systems are autooscillatory, and 
may be used as stabilization systems of certain processes only under the condition that the maximum deviation 
%max Of the controlled quantity be small in the autooscillatory mode, In this case, the relative “amplitudes 
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of the autooscillation © = (?max— ¥%)/ ¥(4-C), defining the value of ? max’ ate expressed by the formulas: 
for system (1)-(3) 


®,=E+E- ee -—~4, (11) 


for system (1), (2), (4). 


(12) 


®, =- Q, for E < E’, 


for system (1), (2), (5), 
FE? 
barb aetaphes (13) 


Here, h = a*/4d; E* and U,, are defined by the equations 


(L)u—o, E=E* = 0, (L)u=up = 0, 


P 








Ay ao 
V 02448 (14 Ad) 1 





L=V t+ [V0944E(14 A Tiegh oe tg 








Wiese ch trate 1) exp (=- arc tg wit) for  A< i, 


1 1 











7 3 A VU*+4AE—1\ _ 
L=(VU*+4AE 1)exp (7 a" aaa) 


—(U +1)exp(44, In Teel for A>1, 





where, in accordance with our previous notation, 


A= 1-1 


Formulas (11)-(13) isolate, in coordinates E, h, the regions for which one of the inequality signs ®, 2 4,, 
©, 2 ;, is valid, and it follows from them, that systems (1)-(3) and (1), (2), (4), when compared with system (1), 
(2), (5) in terms of the magnitude of ®, gain with a decrease in h and an increase in E, and lose for the inverse 
changes of the parameters, 

Analysis of phase spaces permits one to establish the conditions for monotonic (without overshoot) flow of 
the transient response, We note that the region of monotonicity of System (1)-(3) is broadened upon the intro- 
duction of a saturation nonlinearity, For system (1), (2), (4), the region in which the transient response, with 
initial conditions — a < (0) + &u(0) < oo, % (0) + &{1(0) = 0, occurs without overshoot and which lies in para- 
meter space inside the region of stability, is defined by the inequalities 





_1+Vi-t/h 
i— Vi—ijh 





2(1+ A; 

V Al + (B— 1) exp(—Lare tg gt) <9 4 cx for (a — 1)* < 4d, 
; _ 

Regen yar for (a — 1)® = 4d, 


A+ **.GE exp(4— >in 57) for (a—1)*> 4d. 























Practical Applications of the Theory 

An important assumption in the theory presented is the neglect of inertial forces in the controlling devices, 
However, as was shown by experimental investigation of a number of control schemes for naval steam energy 
stands, this assumption was justified in the corresponding cases (low inertia measuring system, hydraulic piston 
servomotor), 

As an example of the use of the results presented, we determine the magnitude of the feedback factor 
necessary for stabilizing the steam pressure regulator [10] of the A, N, Krylov TsNII system, one of which was 
demonstrated at the All-Union Industrial Exhibition in 1957, For this example, it was determined that: T, = 60 
seconds; k = 0,25; y = 0,03; T, = 40 seconds; c = 0,2; b = 0,001; cq = 0.9; Le, a = 2005; d = 800; G= 6; E= 
= 0,0476, From the tables we find that, for stability, the adjustment must provide 6 > 0,09, which is borne out 
by practical testing, 

The data given are applied in an analogous way to some other practical problems, 
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ON THE THEORY OF OSCILLATIONS OF QUASI-LINEAR SYSTEMS 


WITH CONSTANT LAGS 


S. N. Shimanov 


Sverdlovsk 


Translated from Avtomatika i Telemekhanika, Vol, 21, No, 6, pp. 706-709, June, 1960 


The conditions are given for the existence and stability of almost periodic oscillations in quasi-linear systems 


with time delays, 


The problem of studying the conditions for the 
appearance of autooscillations, and also forced oscilla- 
tions, in control systems is of significant interest, The 
study of oscillations in control systems described by 
ordinary differential equations was the subject-matter 
of works by B, V. Bulgakov [1], A. M, Letov [2], A. L 
Lur*e [3], M. A, Aizerman, Ya, Z, Tsypkin, and others, 
In particular, very effective use was made in the works 
cited of the method of small parameters in the study 
of oscillations in certain controlled systems, 

It is of interest to develop the method of small 
parameters in the direction of its use in the study of the 
appearance and stability of periodic and almost periodic 
modes in nonlinear control systems, The present paper 
presents the author's results in the theory of almost 


dz, (t) 





periodic oscillations in general quasi-linear systems 
with constant lags, 


The method of N, N. Bogolyubov [4] is used in this 
work, The paper is a development of results obtained 
by L G, Malkin [5] in solving the problem of the exis- 
tence of almost periodic modes in quasi-linear systems 
whose motions are described by ordinary differential 
equations, 


In clearing up the question of stability, the methods 
of A, M, Lyapunov, developed in the works of N, G, 
Chetaev [6], N, N, Krasovskii [7},and others, turned out 
to be very useful, 


1, We consider a system whose motions are described 
by a set of differential-difference equations of the form 


qe = at (t) +... + dsntn(t) + Dex, (t —t) +... + Oentn (t — 1) + 


+ fs(t) + pF, [t; 2 (t),... 


Here, aj, bg; are constant coefficients; T is a constant 

which characterizes the temporal delay; f ,(t) are finite 
trigonometric sums; F, (t, Xj, +++ + Xps Xie + © os Xp H) 
are polynomials in x4, .. » Xp» Xis+ + » Xp and trigono- 

metric finite sums in t with frequencies which do not 


(1) 


» In (t); 2, (¢ —t),...,%n(t—t); pw] (s=—4,..., 27) 


depend on the variables x, x", and p is a small parameter 
on which the coefficients of the F, depend analytically; 
(xj = X (t-T), eres Xh - Xn (t-T)], 

We consider the characteristic equation 

A (A) = | ag — Sh + Oy exp (— ht) | = (), (2) 


Theorem 1, If Eq. (2) has no roots on the imaginary axis of the A plane, then system (1) admits a unique 
almost periodic solution x*(t, #) for sufficiently small lul. 
The proof of this theorem is carried out by the method of successive approximations on the basis of the 


following lemma, 


Lemma 1, We consider the system of linear differential-difference equations 


dz, (t) 


(3) 


—— Gg, 2, (t) +... + AsnTn(t) + bX, (¢—t)+...+ benXn(t — t) + fs (t) 


(@mi,..., RM), 


This system is obtained from (1) for » = 0, 


one, almost periodic solution x}(t), and this solution has 


If characteristic Eq, (2) has no roots on the imaginary the estimate 


axis of the A plane, then Eq, (3) admits one,and only 
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| x; (t)|< AM, (4) 














a — | 


a os hee fs 


where A does not depend on the f 5° and is determined 
only by the coefficients a, b and the lag T, 

We construct the solution x*(t) by Buckner’s method 
in the following way. LetA; jf ) be the cofactor of the 
element in the kth column ime jth row of the matrix 


From this expression, for the solutions x?, with 
account taken of (5),the estimate of (4) is rapidly obtained. 


In the course of the proof of convergence of the 
successive approximations for the almost periodic solu- 
tion of system (1), a rough estimate is obtained for the 
region of existence of an almost periodic solution in 
terms of the parameter p, 

Theorem 2, If all the roots of Eq, (2) have negative 
real parts,then the solution x(t, 1) of system (1) will 
be asymptotically stable for t > +o and for sufficiently 
small, by modulus, initial functions, characterizing the 
disturbance p for sufficiently small lul - 

dz, (t 
Se a ants (t) +... 


+ fa(t) + ouWi(t) +... 


No matter what the almost periodic functions f(t), 
it is always possible to construct almost periodic functions 
Wise ees Wr, with frequencies whose moduli do not 
exceed 2€ (€ is an arbitrarily small positive number) 
such that system (6) will admit an almost periodic solu- 
tion of the form 


Le = Myo, +. -- + Mm em + $o (t), (7) 
dz, (t) 
— = Ag), (t) +... 


+ pF [t, 2 (t),..- 





a, (t, M,,...,Mm, p) 


where My,...>5 M,,, are arbitrary parameters, defined 
in some neighborhood of the point My,..., Mm p=0, 
and the x.°are analytical functions of the parameters 
M,... » My» in the neighborhood of the point 
My....M,,u =9, 






+ AgnXn (t) + 5,2, (t —t) +... 
+ Pom 


+ dentin + 56174 (t —t)+. 
»In(t-—t), pH) + GuWit+.-- 


=9iM,+... 
(e=mi,... 






It can be shown that the integral 


+00 
\ | je |e 


—oo 


(5) 


A (idyll. We introduce the notation Vj (iA) = Six 
a ‘ { 1 eae has a finite value, 
’ Kj(t) = 35 \ e'MDj, (th) dh. Then the almost periodic solution of system (3) is 
—_ determined by the formulas 
n -+0o n -+0o 
=> | A@KsE—Da =o | A(t+8) Kaj @ de @=4,..., 2). 


2, We consider the case when, among the roots of 
Eq. (2), there are m purely imaginary ones: Wi, W2i,.., 
Wmi., We assume that to these roots there will correspond 
m periodic solutions 74, Pgs +++ » sm Of homogeneous 
system (3), The periods of these solutions will be, re- 
spectively: 20/lw,|,..., 20/ lwn |. In case some of 
the w equal zero, the periods of the s solutions will be 
arbitrary, and we shall take them &s equal to, for example, 
Qn, We assume that w,, # 0, 

We again consider system (3), in which we shall 
assume the f ,(t) to be arbitrary, almost periodic functions, 


Lemma 2, We consider the auxiliary system 


+ Dentn (t — t) + 


(6) 
Wait) (s =1..., 2) 


where My,...,M,, are arbitrary constants,and ¢,(t) is 

an almost periodic function, The functions ¢,(t) will be 
completely uniquely defined if it is required that, for 
example, frequencies equal to the frequencies w,,. . ., Wm 
not enter in ¢,, The functions ?, admit estimates of the 
type of (4). 


Lemma 3, We consider an auxiliary system of the 
form 


. + Dentn (t —2) + falt) + 


+ PemW m (e@=i,..., ®)s (8) 


System (8) permits almost periodic solutions of the form 


+ QemM mn + Ge + pe (t, M, 1+) 


, n). 


(9) 


With respect to t, the function x} is almost periodic, 
Solution (9) exists for completely determined functions 
Wis + ++ » Wm with low frequencies, less than some 2€, 
and are analytic with respect to the parameters 
My, «++» Mm and p in the neighborhood of the same 
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point M;,..., Mm, 0. With our assumptions as to F, 
and as to the polynomials x, the point M,,..., Mm is 
arbitrary, 

The proof is carried out on the basis of Lemma 2 
by the method of successive approximations, 

The lemma generalizes a result of the author [8] 
obtained earlier for ordinary equations and functions F, 
which are periodic int. 

3, We assume that we have found the almost periodic 
solutions of auxiliary system (8) and the corresponding 
slowly varying functions Wy,..., W We note that, 
for the sequel, it suffices to find, for example, only 
several terms in the series expansions of these functions 
in powers of pl. 

Thanks to the fact that the F, are assumed to be 
polynomials in x and finite trigonometric sums in t, it 
is always possible to choose a number € sufficiently small 
that the functions W, will have the expressions 


Wi=vQi(M,, eeey M m)+ 
+ pwWi(t, My,...,Mmp) (=4,...,m), 


where the Qj are determined in the following manner, 
Let Wor. « + » gr be periodic solutions of the linear 
homogeneous systern “adjoint” to system (3): 
dz, (t) 
dt 


— AnsTn (t) — byt, (t +1) —..-. 





= — Ay, (t)—... 


— bastn(t + 1). 


n 
> sj V sk at = dip It can be 


Let lim (1/t) 
t>+00 


ore 


— 


shown that lai! #0, Then 


dj,Q1 +... +dmjQm + Pj)=90 (jf =1,...,m), 
where 
> 2 
1 0 
P;= lim — ey) ) oe 
= Jim) Fatt, 20) 


xn (t), 23(t —t),..-, tra(t —*), O} $4,(t) de. 


(jmi,... 


In the last expression, 


, Mm). 


xs = Myo +... + Mimfsm + 9s (gmi,..., 2H) 
are solutions of system (1) with p = 0, 
Theorem 3, Let the system of equations 
P;(M,, ..-.,;Mm)=0 (j=1,...,m) (10) 
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admit the solutions Mj = Mj, and let system (1), for p = 0, 
admit almost periodic solutions, 
If the equation 


| a(P;(M)) cul 


- — bA} = 
aM, = ° 


(11) 


has roots with negative real parts, and the roots of (2), not 
lying on the imaginary axis, have negative real parts,then 
system (1) has an almost periodic solution in a sufficiently 
small region |» |<, *, asymptotically stable for t>a@ 

and initial disturbances of sufficiently small moduli. This 

solution, to a first approximation, is defined by the formu- 
las 


t. = Myo, + 


+... + Mingem + Po(t) (8=4.----™) (12) 


SUMMARY 


It was shown in this work that, for quasi-linear 
systems with time delays, it is possible to establish the 
conditions for existence and stability of almost periodic 
motions analogous to the well-known conditions for systems 
described by ordinary differential equations, 
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TRANSIENT RESPONSES IN CONTROL SYSTEMS WITH LAGS 


Z. Sh. Blokh 


Moscow 





Translated from Avtomatika i Telemekhanika, Vol, 21, No, 6, pp, 710-719, June, 1960 


A method is given for constructing the transient response in systems with lags, Transfer functions are found for 
systems with lags, where these lags may be in the forward circuit, in the basic feedback path and in auxiliary 
feedback paths, For the transient response under consideration,an integral equation is set up and solved, its 
solution being given in the form of a series which converges absolutely and uniformly on any given finite inter- 


val of time, 


Estimates of overshoot and control time (duration of the transient response) are given, based on the para- 
meters of the real and imaginary frequency characteristics of the system with lags, 


Relationships are derived which permit one to compare different integral criteria of control quality for 


systems with, and without, lags, 


1, Representation and Construction of the Transient 


Response 


We consider @ model of a control circuit with a lag 
(Fig. 1), where ®(z) is the link’s transfer function when 
the lag is not taken into account, and 6 is the lag time 
which, in the sequel, we shall take to be constant, By 
assuming that, to construct the representation function 
y Ue we should take into account the initial function 
%*in(t), given in the interval— 6 = t s 0, which precedes 
the initial moment of time,* we may write 





LLP yt (t)] = D (2) e—*L [gin (t)] + © (z) 6 (8, z),C) 


where L is the symbol of the Laplace transform, 


0 
e (0, z) = e-% \ Pin (ten dd. 
oat 


Formula (1) shows that, for nonzero initial functions, 
the representation of the transient response output signal 
consists of two terms, whereby the effect of the initial 
functions can be taken into account independently by 
assuming that, at the input of the ordinary link with 
transfer function ®(z), there acts an external disturbance, 
given by the representation €(@, z). By taking this cir- 
cumstance into account, we shall henceforth consider a 
standard representation of the transient response in a closed 
linear control system with lags (Fig, 2) in the form 


Wo (2) a 


1+ W, (2) e~** ” “ 





W (z) = 


*Cf., for example, [1]. 


where Wo(z) = 9(z)L[9jn(t)}, Wy(z) = %4(z)®9(z), 0, = 

= 6, +65 It is assumed with this that the functions ®,(z) 
and ®,(z) must take into account the lags in the auxiliary 
feedback paths in those cases when this is necessary, 

In work [2], for representations of the type given in 
(2), there is given a method of constructing the transient 
response based on the expansion of W(z) in an infinite 
series in powers of W,(z) which converges for Iwi (z)I <1, 
i,¢., for small values of the gains, 

It is preferable to give a method of constructing the 
transient response which does not entail the investigation 
of convergences of an infinite series, Directly from 
formula (2) we obtain 


W (2) = Wy (2) e-%* —W (z)W,(z)e—%, = (3) 




























































































Fig, 1, 
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By applying the convolution and lag theorems [3] to 
expression (3), we obtain an integral equation for the 
transient response being sought: 


Pout (t) _ (4) 


t 
= % (¢ — 91) —\ pour(*) g(t — % —*) de, 
0 
where Pi(t)e Polt)s and ¢,(t) are the time domain 
functions corresponding to the transforms W(z), Wg (z), and 
Wi,(z). The solution of Eq, (4) is written in the form of 
a series: 


Pout (t) = Po (t — 91) — p(t — 8, — 8.) + 


+et—%—B)—... + (5) 


+ (—1)"@n (t — 0, — n8,), 


which converges absolutely and uniformly in t on any 
finite interval of time, The sufficient conditions which 
are imposed on the initial function ¢9(t) and the kernel 
#),(t) of integral Eq, (4) amount, as is well known [4], 
to the holding of the conditions 


IPo(t)|< Ae™, | ox(t)| < Be, 


where A, B, a, b are positive constants, 

In computing by formula (5), it must be taken into 
account that all the functions entering into it, ¢,,(t- 
-6,-m6,) (m = 0, 1, 2,... m), equal zero for negative 
values of the argument, This important circumstance 
allows one to find the values of %,,,,(t) exactly for any 
previously given finite interval of time t which, at the 
same time, can be considered as an approximation for a 
large interval, 

To construct the time domain functions entering 
into formula (5), we take into account that the transform 
of any of them, 


L [9m (t — 8, — m®,)] = 
= Wo (2) WR (z)e~ rtm, 
is easily obtained if we apply the ordinary Laplace trans- 


(6) 


mt — 2 
formation to the formulas for the successive determinations (ml)? (ity) \e i. at | t (¢— 


of the ¢,,,(t-@,;-m 6) by integral Eq. (4). In practice, 
the problem reduces to the determination of the functions 
? ‘m(t)» given by the transforms 


L [9m (t)] = Wy (z) We'(z), (7) 


from the formulas for rational fractions with known 
multiple poles [3], One should take into account with 
this that We(z) and W,,(z) are defined by the given trans- 
form of the input stimulus W, (z) and the transfer func- 
tions ®,(z) and ®,(z) of the open-loop circuits (Fig, 2). 
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As an example of the application of the formulas 
we have derived, we construct the transient response for 
the representation 


ke®? 
#((T12 + 1) (Tas + 1) + ke?) © 


W (2) = 





Since 


lim 2W (2) = Gout (0) = 0 
z--0co 


we shall find it preferable to consider the transform of th 
transient response's velocity, 


ke®2 
(Ty + 1) (Tot + 1) + ke © 





Ley, (t) = 2W (2) = 


In accordance with our notation 6, = 6,=6, 


k 
(732 + 1) (Tez + 1) © 





W (2) = Wx (z) = 


The transforms of the successive functions, in accor 
dance with formula (7), are found from the expression 


Lig, (t= 


~~ (Tyz + 4)" (Tz + 1)" (m =0, 1, 2, ..., m). 





Since 
t 





~1 1 of t™e we 
laa 9" | Trti_y “OO 


then all the functions given by the transforms of (8) 
are defined by the * ae eeee formula 





t 
t = t — qT; Ts d ’ 
Pe) = Cae ara a Seo \ 
Consequently, 


@m (t) = (9) 





re TW) ae 
0 


The solution being sought is written in the form 
Pout (t) = Po (t — 9) — g, (¢ — 26) +... + 


+ (— 1)"gn (t — n0), 


where all the functions ¢*,, are computed from formuls 
(9). 

For representations of more general types, the 
method just presented for constructing the transient 
responses leads to arduous computations, particularly 
when the gains are large, 





for 


of the 


(8) 


nula 


2, Frequency Characteristics of Systems with Lags 








By ope into account that, in representation (2), 
the factor e~%12 leads only to a shift of the corresponding 
time domain characteristic by the amount 6), we shall 
find it more advantageous in the sequel to consider the 
following function as the representation of a transient 
response with lags: 


Wo (2) 
1+ W, (2) e—* 





W (2) = (10) 


As will be shown later, the frequency characteristics 
corresponding to representation (10) ordinarily have a 
finite number of points of intersection with the frequency 
axis, and do not differ essentially in their main features 
from the analogous characteristics of systems without 
lags, This allows us to carry over to systems with lags 
the estimating methods which have been previously 
developed for systems without lags (5, 6, 7]. 

If all the poles of representation (10) lie in the left 
half-plane, then the abscissa of convergence of the 
integral 


W (2) =\ 9 (0) e-*at, 


is 0 < 0, and we can set z = iw in it, Then, 


W (iw) = S() + iQ(w) = ( eltyem dt. 
Consequently, 
S(w) = (ow cos wt dt. (11) 
Q(w) = — {tt sin wt dt. —_ 


0 


The functions S(w) and ¢(t), Q(w) and ¢(t) are 
Fourier transform pairs, Based on their duality property 
[8], one can write 


p(t) = ~. \ S (w) cos tw dw, (13) 
e(t)= —=\ Q (o)sintwde. (14) 


If representation (10) has a simple pole at the ori- 
gin: 


W (2) —_ “eo, 


we then set 


® (iw) = R(w) + il (w) 
and find the transient response corresponding to W(z) 
from the convolution formula, taking into account that 


the transient response for ®(z) is determined from form- 
ulas (13) and (14): 


g(t) = =) R () 1 (¢ — t) cos twdewdc. 


oun 38 


By changing the order of integration, we get 


9 (t) = of 6 RO) sin tw de. (15) 
0 
Analogously, 
t © 
9(t) = — =| \ I (w) 4 (t — 2) sin tad wd = 


Since the first of these integrals equals zero for 
t-> o, then 





° (17) 
9 (ce) = gy = — | = do = 2 5 (w)de, 
0 t) 
where 


18 
S(e) = — Le (18) 


and ¢, is the steady-state value of the output coordinate, 
Consequently, 


9 (t) = —=| 5 (w) costwdw + py. (19) 


By shifting the origin of coordinate, we shall hence- 
forth consider as the transient response the time domain 
function 


1-9 =I S(w)costwdw. (20) 


A comparison of formulas (13) and (20) shows that 
the function S(w), given by formula (18), is the frequency 
characteristic of the system for the transient response #(t). 
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3, Some Properties of the Frequency Characteristics W(z) 

We limit our consideration to the case when the 
representation has a simple pole at the origin, Since, 
for linear systems and a broad class of disturbing actions 
W(z) and W,(z) are rational fractions, then, by intro- 
ducing the following notation into formula (10): 


dy (z) 
dy(z) ’ 





d, (z) 


zW, (2) = Gaz)’ 


Wy (2) = 
Do (z) = dy (2) ds (2), 
Dy, (2) = d, (z)d3(z), Dz (z) = d,(z) d,(z), 


where dj(z) and D,(z) are polynomials in Z, we present 
the function ®(z), for z = iw, in the form 


D, (ie) 


PR Dy (iw) + Dy (iw) 





= R(w) + i (o). 


By setting D,(iw) = x, + iy, (k = 0, 1, 2), we get 


Az, +B 
Ay, — Bz 
I (0) = a 


A = 2, + 2,cos 6 + y, sin 9, 
B = y; + y2 cos 9w — z, sin bw. 


The zeros of the frequency characteristics R(w) 
and I(w) are defined, respectively, by the roots of the 
transcendental equations: 


LoL + Yor + (X72 + YoYs) cos Sw 4 


+ (2pY¥o — Yo%a) Sin 8w = 0, 
(21) 


Yo%1 — ZoY1 + (YoT2 — Toye) COS Ow +- 


+ (YoY + 272) sin 8w = 0. 


Let the stimulus #5 (0) = 1(t) be applied to the 
measuring device, and let Wi,(z) = zWo(z). Then Do(z) = 
= D,(z) andEqs, (21) for R(w) and I(w) are rewritten in 
the form, respectively, 


X12_ + YiYs sin 8 — Y1%q — 2142 (22) 
te ate 


Let the polynomials D,(z) and D,(z) be of degrees 
m and n,respectively, where msn, Then, a detailed 
analysis of formulas (22) leads to the following results, 
The frequency characteristic R(w) has a finite number 
of points of intersection with the w axis for m< n-1, 


cos §@ = — 
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independently of the system parameters and the lag 6, 
Form = n-1, the number of points of intersection with 
the w axis will be finite only if the following inequality 
holds: 


17a + Via | ~ 4 
2 2 
t+ Ye 


lim ye P (23) 


@->00 








Frequency characteristic I(w), and with it frequency 
characteristic S(w), has a finite number of points of 
intersection with the w axis for m < n independently 
of the system parameters and the lag @. Since the case 
m = n is not possible for (0) = 0, the characteristicsI(w) 
and S(w), for sufficiently large w, do not change sign, 
and tend to zero for w-> a, The same behavior occurs 
for characteristic R(w) for m < n=l or, if inequality (23) 
holds, for m < n, Consequently, for the particular case 
being investigated, one can neglect the high-frequency 
parts of the characteristics R(w), I(w) and S(w) and can 
estimate the errors thus introduced by means of the 
formulas derived in [5, 6], for characteristics without 
lags, For the characteristics of systems with lags we 
thereby establish the concept of the essential interval 
of frequency on which they should be constructed, Thus, 
for example, considering S(w) > 0, for definiteness, 
in the high-frequency interval w., <= w so, and by then 
discarding this segment of the characteristic, we obtain, 
by using the results of [6], the following estimate of the 
transient response error: 


|Ad|<$(0)— =F, (24) 


where F is the area bounded by the frequency character- 
istic S(w) in the chosen essential interval of frequency 
Oswsw,, ¥(0)= %, Since ¢, is easily computed 
from the given representation of the transient response, 
then formula (24) allows the essential frequency interval 
(by area) to be so chosen that the error in the transient 
response will not exceed the previously given quantity 


lvl. 


4, Estimate of Overshoot and Control Time 

To determine overshoot and control time from 
frequency characteristics, we construct these latter from 
a large number of computed ordinates in the essential 
frequency interval, and then replace them by the sum 
of standard characteristics for which the formulas of 
the corresponding transient responses have been previously 
obtained, After this, one computes the ordinates of the 
transient response being investigated and, from the curve 
thus constructed, one fins the overshoot. and the control 
time, If one takes as standards the natural frequency 
characteristics of simple systems without lags, then the 
constructions and computations involved in estimating 
overshoot and control time are significantly simplified 
{7]. We limit ourselves to the consideration of just two 











) 


1 


sly 








standard cases, referring the reader to the literature [7] 
for a more complete analysis, As standards, we shall 
choose the frequency characteristics corresponding to the 
representation 








i byz + a 
W (2) = z(z* + a;z + aq) * (25) 
By setting z = iw in (25) we obtain, for zW(z), 
Cyo* + ¢ 
R() = ayaet pe’ (26) 


where Cy = ab)—a, cy = a3, dp = af=2a, are three new 
essential parameters of characteristic R(w) by which it is 
completely defined, Among the various possible types 
of curves for R(w), we consider in detail the characteristic 
which is nonnegative in the essential frequency interval 
(Fig. 3), Let the characteristic R(W) of the system with 
lags under investigation be nonnegative in the essential 
interval 0 =< Ww =< W, and have one maximum R = Ry 

for W = W,, We choose the parameters c,, cg and d, such 
that the characteristic of the systcm with lags shall co- 
incide with that given by (26) in the three points for 

w= 0, W = w, and W = w, (Fig, 3), Since, by (26), R(0) = 
= 1, then coincidence of the ordinates at the point w = 0 


Rw) 











, w, @ 
Fig, 3, 


is attained by a simple change of scale for the investigated 
characteristic of the system with lags, After this, the 
parameters being constructed are determined from the 
system of equations 





Rite Cw? + cy a Cs 
* of + dye? + cg 2ut + ds (27) 
Ce, +e, = 0 
by the formulas 
Ryot a R,of (28) 





We then compute the initial parameters; 


a,=Veq, a,=Vdy+ 20, b= “21 . (29) 


a 


By the formulas derived in [9], the quantities just 
found permit one to compute the overshoot and control 
time exactly for the transient response corresponding 
to the representation of (25), 

We now give the computational scheme: 


ap =f FCW As iat 


(30) 


a Bos a se 
Cte ~ 2a eT =s Ss 


In the formulas just given, 4p is the overshoot, T 
is the control time, s is a parameter defining the zone of 
admissible deviations (s = 10 to 20), 20 = a, 8 = Va-a’, 
FE by) = by — ayby + &p, 

As an example, we estimate the quality of control 
in a static system with lags by setting, in the representa- 
tion of (10), 


k (732 + 1) 


WwW, (z) = 2sW, (2) = (T's + 1) (792 + 4) 





and by taking T, = 0,1 second, T, = 1 second, T; = 0,2 
second, k = 4, 

By using the method developed in [2], we can 
determine that the system is stable if the lag time is 
6 < 0,48 second, For the following computations, we take 
6 = 0,3 second, 

The closed system's real frequency characteristic is 


2 — 
R (0) = O40) ons Of 10080? (31) 





where A = 5-w*=20 cosO w + 2w sin@w, B = 6w + 2weos Ow- 
= 20 sin® w, 

The points of intersection of characteristic R(w) 
with the w axis are defined by the equation 


2w0*—25 
008 Ge = F100" 


which has the sole real solution w, = 4,7, 


In addition, we find from formula (31) that R(O) = 0,8 
and R, = 1,7 for w = 4 at the maximum point, We change 
the scale of the axis of ordinates, setting R(0) = 1, Ry = 
= 2,12, Then, by formulas (28) and (29), we find: a = 2, 

1,3, a, = 22, by = 0,069, 8* = 21,6, By substituting 


497 








TABLE 1 





k 1.6 14.2 | 1.0 | 0.8 
So 8 6 5 4 

W3 0.54 0.64) 0.74) 0.82 
@; 0.27 0.32} 0.37] 0.41 
Sy 1.05 i 0.97) 0.95 























2 5 4 3 2 

So 8.0 |6.4 | 4.8 | 3.2 
Ws 0.54 | 0.54 | 0.57] 0.6 
4 0.27 | 0.27 | 0.285] 0.3 
S; 4.05 | 4.25] 4.7 | 2.0 




















these values in formulas (30), we obtain: tan y = -0,0145, 
y = 7-0,01 = 3,13, Ap = 0,64, T = 4.6 seconds for s = 20, 
From the exact curve of the transient response, constructed 
by the method presented in Section 1 to verify our example, 
Aw = 0,6 (with the scales of the variables taken into 
account), which differs little from the estimated value, 

In astatic systems with variable loads, ¢, = 0, and formulas 
(18) to (30) cannot be applied, For such systems, one 

may take as standard the frequency characteristics corres- 
ponding to the representation 


by 


Wis)" aAtasta’ 


By setting z = iw, we obtain, for the real frequency 
characteristic, 
by (a3 — w*) 
(ag— w*)* + aw? 





S (w) = 
() (32) 


The three essential parameters by, a; and a, of the 
characteristic of (32) are defined by the ordinates in three 
chosen points of the analogous characteristic of the system 
with lags under investigation as a function of its behavior, 
If it be required that the characteristics coincide for 
W = 0, W = W, and W = Ws, for S(w,) = 0, then the para- 
meters being sought are determined from the formulas 


— ane dane 2 = 
a, = ,, by = Soa, = Soo, a= 


(33) 


& Sow? (w? _ w*) —S; (ws _ w? y 


2 
S 19) 





where Sp and S, are the ordinates of the investigated 
system's frequency characteristic at the points w = 0 and 
W = Wy, respectively, 

As an example of the use of formulas (33), we take 
the analysis of the control quality of concentrating sulfur 
dioxide (SO,) for an external disturbance .* 1(t) applied 
to the object of control, With some simplifying assump- 
tions, we give the basic functions entering into the repre- 
sentation of (2): 


kikeks 


W, (2) = z(Tyz + 1) (792 + 1) (Ts2 + 1)’ 





(34) 


(742 + 1) kikakgkoks 


In the sequel, we shall measure time in minutes, tak- 
ing into account the corresponding scale changes in repre- 
sentation of the transient response, Taking the controller 
adjustment parameters T; and k as variables, we present 
the analysis for the following values of the remaining 
system parameters; 6, = 0,25 minutes, 6, = 1 minute, 

T, = 0,25 minutes, T, = 0.5 minutes, T, = 0,33 minutes, 
T, = 0.25 minutes, T, = 1 minute, kykgks = 1, kgks = 1, 

By substituting the parameters’ numerical values in 
formulas (34) and discarding the factor e~™*®”, the effect 
of which is taken into account by shifting the time 
domain characteristic by 6 = 0,25 minutes, we obtain 


24 (z + 1) (z + 4) 


W (z) = 96 
2 (2+ 4)%2 + 3) (z + YetN+ a (s+ 





i eo 
i 


T 


By setting z = iw in this representation ,we find that 


(96-—24w*) A + 1200B + i [1200A — B (96—24w?)] 


W (ie) = A? + B? ’ 





where 


A= —o+150'—224e84- 2° 


cos 4 i 
kT, @ 5 = ®, 


B= — 140°—1900°+ 960 — oe @ + wee nos . 
kT; k 


We separate out, for the further computations, the 
real frequency characteristic 


(96 — 24w*) A + 1200B 


5 (w) = At + B? 





(35) 


Analysis of stability, carried out in [2], showed that 
the system is stable in the following range of parameter 
variations: 1,8 <= T; = 5,0.8=k=<= 1.6, 

Since, within the given limits of parameter variation, 
the characteristics S(w), found from formula (35), do not 
increase in the interval 0 = w < W»,then, for the subse- 
quent estimates, we took wW, = 2W,, The values of the 
ordinates of S(w},), computed from formula (35) for 
T, = 5 in the range 0,8 = k = 1.6, and for k = 1,6 in the 
range 2 = T; = 5, are given in Table 1, 


Substitution of the values thus found into formulas 
(33) allowed the computation of a,, a, and b, for the 
accepted values of controller adjustment, T; and k, 
After this, the greatest deviation of the controlled coor- 





W, (2) = 
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(732 + 1) (T'g2 + 1) (792 + 1) (Tez + 1) (T'92 + 1) kT, dinate, and the control time, were computed by the 





ag 





TABLE 2 





k 1.6 4.2 | 1.0 | 0.8 
Y max 0.83 | 0.85] 0.89] 0.87 


T 19 14 41 8.3 














Ti 5 4 3 2 
Y max 0.83 0.82} 0.85] 0.82 
T 19 45 40.3 | 7.4 








formulas derived in [9], If aje-da, > 0, then 





{ a+ V a? -- w? 
In 





y max Sywge*e] la= ; 9 (36) 


where 2a = a, The control time T was defined by the 
transcendental equation 


2 
Som, (e~*T a e~ HT) La 4 


2oVa— o 8 (37) 








for s= 10, z, = a — Va?-w2, z,= 0 + Va"-uh, 
If z, > 2, we may then use the following formula 
for the determination of the control time: 


2 
a Ta... ae (38) 
41 2V ot — wo 





In the case af-4a, < 0, the greatest deviation, and 
the control time, were determined from the formulas 
a 
—-—*¥ 
Vmax = So@ae ° , tg1=£ , (39) 


i 
T= = In (8S gw), 


where 2a = a, 8* = wi-a*, The results of all these 
computations are given in Table 2, 

Analysis of the results obtained shows that the 
isodrome controller time T; and the parameter k,corres- 
ponding to the range of the throttled controller, have 
very little influence on the greatest deviation of the 


controlled parameter, The control time is essentially 
decreased by decreases in Ty and k, The optimal adjust- 
ment of the controller corresponds to the lowest values 
of k and T; which are compatible with the stability 
requirements, Verification of the computations made by 
more exact methods showed that the deviations of the 
estimated values from the more exact ones did not go 
beyond the limits of computational accuracy, 
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Yu. I, Alimov 


Sverdlovsk 


Translated from Avtomatika i Telemekhanika, Vol, 21, No, 6, pp, 720-728, June, 1960 


The idea of a trajectory is introduced, and the stability in the large is investigated of the equilibrium state of 


one class of relay control systems, 


1, In many cases, the dynamic properties of auto- 
matic-control relay systems are well described by a 
mathematical model consisting of a combination of a 
linear part having a transfer function 


itn. als Teco by k 
n45P" +a,p™ 14 ---+a 
PMascecs Onyy Pocees b, = const, b;, Any ky > 0) 





p 


(1) 


and a relay element without a zone of insensitivity having 
the characteristic form y = (0), 

In actual fact, both the input 0(t) and the output 
¥(9(t)) of any real unit approximating such a relay 
element (a kinematic couple with dry friction, an ampli- 
fier with a small zone of linearity, a relay, etc.) are con- 
tinuous functions of the time, If the coordinate 9(t) 
passes rapidly through its threshold value © = 0, the 
function ¢(0) can be assumed to be discontinuous, and 
we can set (0) = signo, for example, Such an idealiza- 
tion becomes unsatisfactory for the investigation of those 
relay systems (sliding and partially sliding regimes, 
motion with stops [1-4]) for which o(t) remains for long 
periods of time near to its change-over value, The con- 
tinuous character of the function (0) is taken into 
account most simply in the description of such motions 
by the Coulomb characteristic: 


— (14 — op) for 0< 0, 
y=o(c)= 4 & for o = 0, (2) 
+ (149) for o>0, 


where ¢%» = const, lol ¢ 1, and € can be any number 

from the interval [-(1— 9), 1 + 9], and with € = &(t) 

expressed as in [3], so that the equations (1)-(2) for y(t)= 

= (0) = E(t) are compatible with the equality 9(t) = 0, 
In order to derive and investigate the phase space 

of the system (1)-(2), we write its equations in the normal 

Cauchy form 


x=Ax-+bp(c), o=k’x, (3) 


LYAPUNOV FUNCTIONS FOR RELAY CONTROL SYSTEMS 





using for brevity of notation the usual vector- matrix 
notation of [5]: Ais a square matrix, andx, b, and k 
are n-dimensional column matrices, The prime indicates 
the transpose of a matrix, so that, according to the rule 
for multiplying matrices ([5], p. 14) k'x is a scalar, and 
kb* is a square matrix, The transformation of the equa- 
tions (1)-(2) to the normal form is particularly simple, 
and yields ; 


Tp = Tey (K=1,...,n—4), 


(4) 





In =— Ont ( > ax; + kpp (°)) ’ 
t=] 
G= ys bix. 
i=1 


In several works (for example, see [1]) the trajectories 
of the system (2)-(3) have been considered close to a certait 
periodic motion with simple switching conditions, and in 
[6] close to the origin, In [1, 3, and 4) sliding regimes 
of relay systems were investigated in detail, Many 
authors have laid out the whole x phase space of the 
system (2)-(3) in trajectories for n = 2, 3, This is done 
below for any n under the assumption that 

anty 


kpbn = —k'b > 0 6) 


(the case 


b= 0, b.>0 (6) | 
was considered in [7], the violation of the conditions 

(5)-(6) is connected [1, 6] with the loss of stability), The 

second Lyapunov method is applied to the dynamic 

system obtained, Effective algorithms are obtained for 

deriving a wide class of sufficient conditions for stability 

in the large of the equilibrium of the system (2)-(3) with 

a stable or unstable linear part, The stability criteria I 
given in this paper ase expressed in terms of the coeffici¢ t 
of the transfer function (1), but the method of construct 

the Lyapunov functions is described in invariant form, 





(4) 





(5) 


(6) 


The 


for 
ility 
with 
la 
fficie 
uctir 


Ny 


and it can be applied in obtaining criteria expressed in 
terms of the elements of the matrices A, b, and k in the 
usual form, In the case 


Re, <0 (i=1,..., 2), (7) 


where A; are the roots of the equation det (A — AE)=0, 
the Lyapunov functions are obtained by the interlacing 
method, and can be used to estimate the control time, 
The case 


A, = 0, Rerk, << 0 (K=2, .-+, 7”). (8) 


is also discussed briefly, 

It should be mentioned that the unsymmetric 
characteristic (2) must also be considered [1] in the 
investigation of systems 


—1 for o<0, 


?(s) = (9) 


z= Az-+ be (k’z), +1 for o>0 


with a symmetric relay link when, for example, in the 
case (7) we are investigating the effect of a discontinuous 
external action: 


a(t) =k’ z(t)+ 1()>, (10) 


and in the case (8) for motion with a linear input: 


a(t) = k’z(t) + 1(t) (o, + 2,2). (11) 


The system (9)-(10) and (11) reduces to the form 
(2)-(3) by a nonsingular linear transformation of the 
coordinates 2, The value of %, is determined here from 
the parameters O, and 9, of the external disturbance, 

2, We denote by x, (x ®t), and x_(x’, t) the tra- 
jectories of the systems 


x = f_ (x) = Ax— b(1 —@,), (13) 


passing for t = 0 through the point x° of the space x. 
For the investigation of the system (2)-(3)and (7), it is 
convenient to write Equations (12) and (13) in the form 


x4 = Ax,, x, = x+A™"b(1+ 9»), (12") 
x_=Ax,x =x—A™b(1—9)). (13*) 
We denote by 6, (x) and O_ (x) the derivatives with 


respect to time of the function 0(x) = k*x according to 
the systems (12) and (13), Thus, 


3, (x) = k’Ax + k’b (1 + 9,), 
o_(x) = k’Ax —k’b(1 — ¢,), 


and ,according to (5),we have 
3, (x) < o_(x). (14) 


Using the method in f1-4, 6, 7], we give the 
determination of the trajectory x(x°, ¢) of system 
(2)-(3) satisfying the condition (5), 

(a) In the space o(x) > 0 (a(x) < 0) we assume 
that x (x°, ft) == x, (x, ¢), (x(x®. ¢) = x_(x®, 2)). 

(b) At any point q, of the set o(x) — (), 

G(x) ¢_(x) >(, representing two half-planes 
(k’b)*k’Ax < —-(1+ 9,), k’x=0O and 
(k’b)*k’Ax > (1 —-9,), k’x = 0, the trajectories 

x, (q,, ¢), x_(q,, ¢)intersect the switching surface 0(x)=0 
in the same direction. We determine x(q,, t) by linking 
continuously at q, those half-trajectories x ,(q,, t) and 
x—(q;, t) which lie close to q,; in the regions o(x)> 0 

and o(x)< 0, respectively. 

(c) According to (14), at every point q, of the set 
o=0, o@,(x)o_(x)<0 thetrajectories x,(q,, 1), 
and x_(qp, t) intersect the surface o(x) = 0 in the 
same direction, In accord with what was said in Sec, 1, 
we will assume that in the set consisting of the zone 


(4 — o) > (k’b)"*k’Ax > — (1+ 9,), k’x=0, (15) 


the representative point of the system (2)-(3) moves 
according to the equations 


x= Ax + bp (0) = Ax + b&(t), (16) 


where €(t) is chosen so that the derivative with respect 
to time do(x) of the function © (x) obtained as in 
(16), satisfies the equality 


6, (x) = k’Ax(t) + k’b&(t) = 0. (17) 


If we combine (16) and:(17), we obtain 


(18) 
x = f, (x) == Bx, B= A — (k’b)"bk’A. 


Various forms of the scalar representation of (18) 
are given in [1, 3, and 4], For trajectories of the 
system (18) we will use the notation x, (x’, ¢). 

(d) We consider finally the boundary o(x) = 0, 
o, (x) o. (x) = 0 of the zone (15) of the sliding regime, 
represented by the two hyperlines 


k’x =0, 6,(x)=k’Ax+k’b(1+%)=0. (19) 
and 
(20) 


k’x = 0, o_(x) = k'Ax — k’b(1 — 9) = 0. 
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According to (12), (13), (14), and (18), for all the 
points q, and q_, belonging,respectively, to the straight 
lines (19) and (20), the relations 


f,(q.) = f, (q,), £.(q_) = fo (q_), (21) 


s_(q,)>0, 3, (q_) <0, (22) 


are valid, so that,for example, for the straight line (19), 
we have 


” a  ,: 
a™ [c, (g.)],= mm [o, (q,)]os m > 2 (23) 


a™ . a™ ° 
where = [s, (q,)], and —— [c, (q.)]p are the 


derivatives of order m with respect to the time of the 
function ¢,(x), evaluated at the point q4 by (12) and 


(18), It is evident from (23) that in a sufficiently small 
neighborhood of the point q4 the positive half-tra- 
jectories x,(q,, ¢), and x,(q,, ¢) lie simultaneously 


either in the region a, (x) >>0, or in the region 


s(x) <0. In this neighborhood for t > 0, in the first 
case of the similar location of the trajectories x, (q,, ¢), 
and X9(q,, t), we set x(q,, ¢)=x,(p,, ¢); in the 


second x(q,, ¢)=x,(q,, ¢). The positive half-tra- 
jectory X(p,, ¢) will be unique since, 
according to (22),the trajectories x_ (q,, t) fort> 0 
start in the half-space o(x) <Q. The straight line 
(20) can be considered similarly, 


3% The solution x (x®, ¢)\of the system (2)-(3), 
determined as above, is also a generalized solution of this 
system in the sense of the definition of A, F, Filippov [8]. 


(We mention that the essence of A, F, Filippov's de- 
finition is precisely the definition of the discontinuous 
right-hand sides,including infinite valued functions, 
continuous in the same sense as the characteristic (2)). 
The fact that the solution x (x°, ¢) can be continued 
for t > + oo, its uniqueness, and the property x ((x°, /1), ¢2) 
= x(x", ¢;+/2) for t = 0 are obvious; the continuity 
relative to x° and t can easily be proved by using (21). 


Thus, for the reflection of x(x°, ¢) fort = 0, we can 
apply all the results of the general theory of dynamic 
systems [9], and this, in turn, makes it possible to use 

a series of results formulated for classical systems of 
differential equations,but permitting obvious generaliza~- 
tions to abstract dynamic systems —for example, the 
theorems of E, A, Barbashin and N, N, Krasovskii [10] 
concerning stability in the large, 
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4, We will form the Lyapunov function V(x) for the 
system (2)-(3) and (5) in the case (7) by linking on the 
surface ¢(x) =O the Lyapunov functions 

V(x) =x, Hx,, x, =x+A™b(1 +9), 

V_(x) = x_Hx_, x_ =x— A™"b(1—9,) 


(24) 
(25) 


(H is a symmetric matrix of the nth order) for the sys- 
tems (12") and (13°) respectively: 


ricy _ [Ve@—V. (0) for o(x) >0, 
— |\V_(x)—V_(0) for o(x)<0. 


The continuity of V(x) is ensured if V(x) and V_ (x) 
are chosen so that the equality 


V(x) —V,(0) = V_(x) —V_(0) for 
o(x)=xk=0. 


holds, Since the relation\ V, (x) —V, (0) = 
=V_(x)—V_(0) isequivalentto x’HA™'b = 0, 
the condition (27) used in the linking can be written 
in the form 


HA™'b = uk (» = const = 0). (28) 


It is evident from the relation 
V (x) = x’Hx + 2us-¢(o), 


that follows from (26) and (28), that if the function 
x’Hx satisfying condition (28) is positive-definite, 
then the function V(x) will also be positive-definite 
for p > 0, 


For any solution x(x°, ¢) everywhere except 
possibly at points of intersection of x(x°, ¢) with 
the surface o(x) = 0, the derivative V(x) with re- 
spect to time of the function (29) along x(x°, ¢) exists 
and satisfies the relations 


PL os 
V(x) =) V(x) 
Vo (x) 


for o(x) >0, 
for o(x) < 0, 
for a(x) = 0, o, (x)-o_ (x) <0, 


(30) 


where V(x) =x, (HA + A’H)x, and V_(x) = 
=x (HA + A’H)x_ are the derivatives with respect 
to time of the functions V,(x) and V_(x) according 
to (12*) and (13*), and V(x) = x’ (HB + B’H)x is 
the derivative with respect to time of the function (29) 
according to (18). 

Let the form— x’Gx (G_ is a symmetric matrix of 
the nth order) be positive-definite, Then when the 
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condition (7) is satisfied, there exists one,and only one, 
form x’Hx, related to x’'Gx by 


G = HA + A’H, (31) 


where the form x'Hx is positive—definite (A.M. Lyapu- 
nov). It is evident, in addition, that the function V,(x) or 
the function V(x ) will be negative everywhere, except 

at the pointx? , where x, =x + A“b(1 +9) =0, 


or the point x2 , where x_ = x2 — A™'b(4 — 9,) = 0). 


If 
a—kyb, =k A™b > 0, (32) 


corresponding to negative feedback in the system (1)-(2), 
then o (x? ) <0 and. o(x®) > 0, so that 


V.(x)<0 for o(x)>0, 
(33) 


V_(x) <0 for o(x)<0. 


If the inequalities (33) are satisfied, the function 
V(x) decreases along any trajectory x(x°, ¢), while 
the point representing the system (2)-(3) moves according 
to Equations (12) or (13), It remains to show that V(x) 
also decreases for motion according to (18), We now turn 
to the proof of this fact, and formulate the final results 
in the following theorem: 

Theorem I, Jf the conditions (5), (7), and (32) are 
satisfied for the system (2)-(3), and if there exists a 
negative-definite form x’'Gx == x’ (HA + A’H)x, 
satisfying (28), then the equilibrium solution x = 0 of 
this system is asymptotically stable in the large, 


In accordance with the equality H = GA“ A’HA™! 


we write the relation 
Hbk’A = GA™bk’A — A’HA™bk’A. = (4) 


Further, according to the linking conditions (28) 
we have 


A‘'HA™bk’A = wA’kk’A. (35) 
If we substitute (34) and (35) in the expression 
V,(x) = x’ (HB + B’H)x = 
= x’ (G — (b’k)* (Hibk’A + A’kbll)) x, 
we obtain the identity 


V,(x) = f (x) A°" GA“, (x), 


from which it follows that Vo (x) is zero only at points 
% of the set f,(x) = 0. This set and the surface 
a(x) = 0 have only one common point — the origin 0, 


Actually,we have [see (16)-(18)], the equality 
f, (x) = Ax + bé, 


so that X» = — EA. According to (32) the relation 
o(x,) = — tk’A7!-b = 0 can hold only for € = 0, ie,, 
only at the point 0, At the remaining points of the 
surface o(x) = (), the function V(x) is negative, 

Thus, when the conditions of Theorem I are satisfied, 
the infinitely large positive-definite function (29) strictly 
decreases along any nonzero trajectory x(x", t). The 
system (2)-(3) will satisfy all the essential conditions 
of Theorem I of [10], 


« We have reduced the investigation of the equilibrium 
stability of the system (2)-(3) in the case considered to 
a study of conditions that are sufficient for the compati- 
bility of the equality (28) and the Sylvester criterion for 
the sign-definiteness of the form x’Gx. The limitation 
(5) appears [7] to be a necessary condition for this 
compatibility, It is now clear, that in its final part, 
the method of obtaining the Lyapunov functions is a 
modification of the method of L G, Malkin [2] (p. 163), 
[11, 12], of investigating absolute stability, 

5. Let it be possible to choose a negative-definite 
form x’Gx == x’ (HA + A’H) x, satisfying (28), If we 
use the results in [5], p. 251, and consider a pencil of 
forms 


x’Gx +- v-x’Hx, 
(36) 
we obtain the inequality 
x’ Hx < — x’Gx < v,x’Hx, (37) 


where ¥, and Y,, are the least and greatest roots of the 
characteristic equation of the pencil (36),tespectively, 
From (37) we obtain 


va-V (x) < —V (x) <v,-V (x) (38) 


for the rate of change V(x) of the function (29) for 
the motion by using (12) and (13), 

For the forms x’Hx and V, (x) =x’ (HB + B’H)x 
on the surface k’x = 0 the relation 


x’Hx = V (x), vx’ Hx < — Vo (x) < vo x’ Hx, (39) 


pag 


holds, where vi 7 are the smallest and largest roots, 
respectively,of the characteristic equation of the form 
x” (HB + B’H)°x® + v°xH®x®, obtained from the 


pencil 


x’ (HB + B’H) x +- vx’Hx 


on applying the relation k’x — 0. 











The time taken for the distance r* = V(x), from a 
representative point of the system (2)-(3) to the origin, 
to decrease from the value ry to the value ry, can be given 
its coarsest estimate by using the inequalities (38) and 
(39) in a way similar to that in [13] for a linear system, 
The frequency method [14] is applied to calculate the 
roots ¥;, Yn, vt, n-1° 

6, We now consider the case when the equations of 
motion of the relay system considered above have the 
form (2) and (4), i.e,, when they are actually given in 
the form (1)-(2), which is the most common in control 
theory. The relation (31) between the matrix G= 
= —|/Bi;|f and H = |a;;|? (the abbreviated notation 
is borrowed from [5]) and the condition (28) for 4 = kp 
can be written 


By; = ay} (tin Qj + & jn ai) - 


~ Hji—y — Gj (bg = Ain = Ai = 0), (40) 
Ay = Ady (kh=1,...,20), (41) 

and the Lyapunov function (29) takes the form 
V (x) = >; 04; 242; + 2kpo(s)c. (43) 


i, j=1 
The investigation of the conditions under which the 
n 


fom —;’Gx= Y 8,; x; 2;, Which satisfies the 


i. i=1 


conditions (40) and (41), can be positive-definite is 
more convenient if it is reduced to a consideration not 
of the matrix i B i\ll P but of the matrix lly ll? con- 
gruent to it [5] (p, 240), for which 


Yn = Biv Ya = Tt = Pir — Bir Gi, (43) 
Tis = Yai = Bij — Bin aj — Bag Oe + Bir i 5, 
since the quantities yjj can be expressed more simply 
in terms of @ than the quantities 6 ;;, 
A relatively uncomplicated calculation shows that 
the components of & satisfy condition (41) if,and only if, 
the components of y satisfy 


7a Zant) ba» Tar * (44) 
k—3 
‘ E \ r 
a 2(Ben + >) (— 1) Thr Hsin) 
r=-0 
ws, ss. yh), 
where 
k—2 Ben = buy ay - (45) 


~ >> (— 1)’ (bi+r Qxn—r—1 + Ye—r—2 Ax+rti), 


r=0 





bn+t = On+i4, = O84, nt = Yati41i = 0, 


Yn+1,1 = — Yxi Mn41 (1 > 1). 


We now denote by D,, the determinant of the 
matrix ll y;jll ? , and write Theorem I in a concrete 
form, 

Theorem Il, If the elements of the determinant D, 
satisfy the relations (44) and (45), and if the quantities 
¥4j 4 # j) can be chosen so that all the diagonal minors 
Dy of the determinant Dp are positive, then the equili- 
brium state of the system (1)-(2) is asymptotically stable 
as a whole if its linear part is asymptotically stable for 
b, > 0 

1. If the condition (8) is satisfied, then the Lyapunov 
function for the system (2), (4) can be taken to have the 
form 


J = 


V (x) = 


i, j 


04; 1X; + Wkp-p ()c, (46) 


2 


ll 


obtained from (41) and (42) for a,-» 0. By calculations 
and reasoning similar to that in Sec, 4, and with the derivative 
of V (x (x®, t)) (2, 11, 12] taken as the n-variable form, 


x, = 9(°), x, = Xk (k= 2,..., 2), 


it is easy to show that Theorem II is valid in this case, 
The construction of the Lyapunov function, however, 
loses its elegant geometric interpretation, The stability 
criteria obtained from Theorem II with the assumption (7) 
tend for a, -> 0 to a sufficient condition for stability of 
the system (2), (4) when its linear part is neutral for one 
coordinate, We note here that these criteria, for b, > 0, 
tend to the stability criteria obtained in [7] for b, = 0, 

The method of obtaining Lyapunov functions proposed 
in 4 and 6 thus becomes, for a, > 0, an extension of the 
method of L G, Malkin to relay systems, 

Below (in 8 and 9 we obtain the minimum limita- 
tions for n = 3, 4 stability criteria which can be obtained 
by using Theorem II. These criteria are equivalent to 
the stability conditions that follow from the theorem of 
A, I, Lur*e as given by A, M, Letov in [2] (p. 124), Con- 
sequently, the assumption [11] that L G, Malkin's method 
will give mare precise stability conditions than the Lur‘e 
algorithm for control systems with one nonlinear link is, 
generally speaking, not justified, This method is, how- 
ever, [2, 12] suitable for obtaining simplified criteria for 
the stability of systems of high order (n = 5), In Sec, 

10 of the present paper,an effective algorithm is proposed 
for obtaining such criteria, 

8, For n = 3 the determinant D,, has the form 


2a,*bs yaa y13 
D3 = Yn 2Bas Y23 (47) 
Ys1 Ys2 2 (Bs3 — a4712) 
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The simultaneous validity of the inequalities 
By >0. Bss— 4712 >0, 


- 4 
Dy = 4a, 1b, Bog — Tig > 0 (48) 


is a necessary Condition that all the principal minors 
of the determinant (47) be positive, For 733 = Y23 = 9 
this condition is also sufficient, 

From (48) we obtain the relation 


Jie < a,! Bss, 
—2 Vo! bsBas< Yi2<—2 Va bsBos 


and this can be used to obtain necessary and sufficient 
conditions for the solvability of (48) for 749: 


Bry = bya, — boa, > 0, 
Byg = byas — bgag — byag > — 2 V bga4Bas, (49) 
According to Theorem II, the conditions (49) are sufficient 


for the stability in the large of the system (2), (4) that 
we are considering, 


9, Forn=4 
2a>"by Yi is Yu 
D,=| ™ 73m Te (50) 
Ya Yso2 2 (Bag + Yr) Ts 
Ya Yas ya 2 (Bas — 48713) 


The simultaneous validity of the inequalities 


Buy >0, 4a," by (Bog + Y24) — 125 > 0 (51) 


4 Bye (Bas — g713) — 73, > 0 


is a necessary condition that all the principal minors of 
the determinant (50) be positive, For yy, = Yq = Y23 = 
=’ 7a* 0, if 


Dog = 40,1 bgBo, Dag = 2Bag (40,1 bg (Bag + 124) — Tig) 

Dus = [4Bae (Bea — Gey 18) — 134] [4057 be (Boa + 28) — Tis] 
this condition also appears to be sufficient. If we use the 
results of [15] (p, 95),we arrive at the following necessary 


and sufficient conditions for the solvability of the in- 
equality (51) for yy3 and Yo: 


By > 0, (52) 
M3 + ns— mans— 9 yn + 27 5 0, (53) 
8 956 
where 
—oP oe I 
a3 of 4 


According to Theorem II, the conditions (52)-(54) 
are sufficient for stability in the large for the system (2), 
(4). 

10. For n = 5, the most precise criteria that can be 
obtained from Theorem II involve calculations that make 
them practically inapplicable in their general form, In 
order to obtain simplified stability criteria, the method 
can be recommended of insisting that only one or two 
elements 7 jj (i # j) be exactly equal to zero, and of 
reducing the condition that the main minors of the 
determinant Di be positive to inequalities similar to the 
relations (46) and (51), 

Thus, for example, the simple inequalities 


Bss + Y53 + 2612 > Ov 4a," bBo, — Tie > 0, 
4Bo5By, — Tes >0 


(55) 


are obtained for n = 5, when the values of the elements 
Y12 4nd Ys of the determinant Dy are left as variable 
quantities, Calculations similar to those in 8,applied to 
the system (55) yield the criteria 


Bas, Bs, By > 0, 





Bes > —2(V BasBas + V agbsBas) 


for the stability of the relay system considered, If we do 
not assume that the elerhents Y,, and Y55 are equal to 
zero, we obtain 


2Bos 0 1m 0 
‘on 0 B 0 
Ds = 205%, 2 (Bas + Y24) {ss 
{2 0 2(Bes + 53) 9 
0 Y53 0 2Bss 


The reasoning applied in 9 leads to stability condi- 
tions given by the relations Bgg > 0, Bgs > 0, and (53), 


where M = 0,25 Bog “us BecBes 3 N=0.25 Bas? *Byalgg 2! e. 


In conclusion,we note that the very simple stability 
criterion 


Bun >0 


can be obtained from Theorem II for any n = 2, if we set 
Yj = 9 for i # j, in the determinant Dp, 

The author wishes to thank E, A, Barbashin for his 
guidance and help in the work involved in preparing the 
present paper, 
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IN THE INVESTIGATION OF SYSTEMS 


THE APPLICATION OF THE METHOD OF SMALL PARAMETERS 


OF AUTOMATIC CONTROL WITH DELAY 


Yu. A. Ryabov 


Moscow 


Translated from Avtomatika i Telemekhanika, Vol, 21, No, 6, pp. 729-739, June, 1960 


A method of investigation of systems of automatic regulation (SAR) with retardation is presented, based on the 
consideration of retardation as a small parameter and the application of the Lyapunov-Poincaré method of small 
parameters, The case is considered of a SAR expressed as a linear equation with constant coefficients and with 


a single constant retardation, 


In many problems of automatic control,the delay is 
small and plays the role of a type of interference causing 
a distortion in that “undisturbed” process which would 
occur in the absence of any delay, It is therefore com- 
pletely natural in such problems to consider the delay as 
a small parameter, and to attempt to apply the Poincaré- 
Lyapunov method of small parameters, One method of 
investigation of automatic control systems with delay is 
to seek the solution of the relevant differential equations 
by using successive approximations, with the first approxi- 
mation taken to be the solution of these equations with 
a zero delay, We will consider here linear equations 
with constant coefficients and a single constant delay, 
although this method can also be used with known re- 
strictions in the case of equations with variable coef- 


ficients with delay, and also in the case of quasi-linear 
equations, 

1, In the general case, the equations we will consider 
have the form 


ws (t) = D>) [aes xy (t) + 5.5 z(t —p)] (@ = 1,..., 2), 
j=1 (1) 


where as; and bs; are constant coefficients and p is the 
constant delay, 

Let the functions xf"), .. . , x) form a solution of 
the system (1) for p = 0 (we will call this solution un- 
disturbed) and for the initial conditions X(0) = Xgq (t = 0 
being the initial instant of time), If we rewrite (1) in the 
form 


y(t) = >} G55 25 (t) + Dd) beg lay (t — Be) — 2} (Et), oj = ej + bys, (2) 


j=1 j=1 


then we can consider the dilterence xj(t -s)— x (t) in 
these equations as a type of nonlinearity depending on 
the small parameter p and becoming zero for p = 0, 
Then for obtaining the solution of the system (2), it is 
natural to consider the method that is applied in the 
theory of differential equations with small parameters 
(see, for example, [1]). If we take x) for the zeroth 
approximation, then, for the first approximation ,we use 
x (1) »S=1,...,1, which is the solution of the system 


n n 
Zr, (t) = >>: a3; a (t) + > bs; [xi (t — +) mr x} (t)], 

™ cu (3) 
for the same initial conditions xe)(0) = Xs. Since the 
functions x0r) are already known, then the differ- 
ences x}° g- s)- x; (t) are known functions of 
t and the delay p, where p plays the part of a parameter, 
The equations (3) are ordinary linear inhomogeneous 
equations, Their solutions, defined _—or for all 
—@< t < o, are obtained in the form x, =X, + 


+ x), where the functions x) = xs!” (t,u) become 


zero tort = 0 orp = 0, The second approximation x,”) 


is obtained in a similar way as the solution of the in- 
homogeneous linear system 


n n 
xi (t) = 2) aasai@(t) + D) bas 24 (t — ws) — 24 (0)) 
j=1 j=1 
(4) 
with the initial conditions x,)(0) = xg, As a result we 
obtain x,@) = x,(°) + x.) + x,@) where the functions 
x, (2) = %,@) (t, w) are of the second order of smallness rel- 
ative tou, (andso on, For the kth approximation we obtain 
x = x0) +x) +... +x. In the limit (for k > @) 
the solution of the system (1) can be written as a series: 


oo 
z= 20 + >) x (9mt,...,0), (5) 


k=1 


where the functions =), m = 1, 2,... are of order 
m relative to 1, Each term of this series is a function 
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that is analytic in t and p for—a < t < o and any 
finite p. It can be shown, that,if p does not exceed a 
certain bound 19 which depends on the coefficients of 
the system (1), then the series (5) is convergent and is 
uniformly convergent relative to t in any finite interval 
of t, The sum of this series for 1 < [19 is consequently 
an analytic function of t, and the above iteration process, 
in all cases when p is sufficiently small, can be used to 
obtain a solution of the equations (1) in— wm < t < w 
having continuous derivatives of all orders at every point 
and satisfying the given initial conditions x,(0) = Xz. 

2, It follows from the general theory of differential 
equations with delay that the solution of the system (1) 
depends not only on the initial values xg of the functions 
sought at the initial instant of time t = 0, but also on the 
so-called initial functions %,,..., Y,+ The functions 
Xqy +++ » X, are set equal to the respective initial func- 
tions in the interval— yp =t< 0, These initial functions 
express the “previous history® or the “hereditary proper- 
ties" of the dynamic system being considered that is 
described by the equations (1), The solution obtained 
by our proposed method is uniquely determined by a 
single set of initial values x... This solution does not 
exhibit the so-called “hereditary properties,” and is only 
one particular solution among the infinite number of 
solutions determined by the same initial conditions but 
with different initial functions, The question arises of the 
position of this solution of the system (1) among the 
other solutions. 


p? 
Uy = de — pau, + > au; — 


Ux—, = AUz_2 + 44, 


per u; = PO ope = 1,6. ~ KO 1, Ug = V(ty4)s 
y= (= Aya ky dP 96. .—n <8, < 0, 

These equations are linear algebraic equations in 
Ugr++», Uy. If we solve them for up,...,U)_,.and 
then express ¥;,, Ve . . . by the formulas v= = Allo, vy. = 
= auy,... and substitute these expressions in (7), we 
obtain ~(t) in the interval th, Stst in the form #(t) = 
= v, (t) + Adv, (0, where the function F(t) corresponds 
to the solution of Equations (8) for 6, =... = 5), = 0, and 
the function Av (0) depends linearly on 5;,..., 5), and 
is of the order k relative top. Thus, 


Ad, (t) = 122 b+ <— ate (0), Ada(t) = 





We will consider as an example the equation 


x(t) = ax (t —p), (6) 
where a is a positive number, and we denote by ¥(t) the 
solution of this equation corresponding to some initial 
function ¢(t) that is defined, continuous, and bounded 
for— st< 0, By using the “step” method we obtain 
successively the values of #(t) in each of the intervals 
(tyegs thle th = ku, k= 1, 2,.. As is known (see [2], 
for example), we can be sure that the function (t) will 
possess in the interval t,_, =t< t, continuous deriva- 
tives up to and including the (k—1)th order, and a con- 
tinuous kth derivative in the interval t)_., St< t,. It is 
therefore possible to express this function in the interval 
ty-, St St, in the form of a Taylor series with a re- 
mainder as 


p(t) =e + 


Oe aa Oa 
" (k—1)! $f + kt y (%), 


(7) 





th +... 


where t = t— tie ¥ en) oe (tye o = 1, 


yeas y Kl, ty-y < OK < ty, where pk) 6 ,) = aXe), 
u< 3 < 0. Moreover, by using the condition of con- 
tinuity of the derivatives of the function p(t) at t = t 

up to and including the (k—1)th order (derivatives from 
the left, of course), we arrive at the following relations 
between the values of the function ~(t) at the points t=th, 
t= t,., and its derivatives at the point t = tea 


+ f= | o aup—} + 5x, 


si 


2 
-+(—1- a AUz—2 + Sx—-1, 


(8) 


where A = 1+ pa/a, A, = A*—?/2, and the arguments 
0», 6; of the function ¢ are in the interval (yu, 0), If 
| ¢(t)| = y, then we can obtain the inequality 





| Oga(] <A" (1+ 2) a, | Ads (1 < 


s!en 


| A 





ys Jove |! + (2u? 4 H) ie 7 


) 























and similar formulas for Avy, Avs,... . These in- 
equalities show that for small values of 1, or,more cor- 
rectly, for small values of the product | al u, the functions 
Avw,, decrease very rapidly in absolute value for increasing 
k, For all values of k we have lav (ol = Q; (#)y, where 
QOH) is of order k relative to p. 

We will now consider the solution X(t, t.) of Eq. (6) 
obtained by the method of iterations for the initial condi- 
tion x(t.) = Vy Since this solution has continuous deriva- 
tives of any order at t = t).. 4 relation similar to (7) and 
(8) can be obtained for it, As a result,we find that,in the 
interval ty., St<t,, 


Z(t, tk) = Dy (t) + A%(t), 


where the function Ax,(t) consists of terms of order k and 
higher relative to p for th-1 St<t). For the difference 
between the functions x(t, t,,) and ¥1,(t) in this interval, 
we obtain the inequality 


(b(t) —7(t, te) |< | Ade (t)| + | Az (t)]. 


For values of » for which the solution X(t, t,) exists and 
for all values of t we have lim Ax, = 0. This is clear 
k->00 
from the fact that if we expand x(t, t;,) in a double series 
of powers of t—t, and p, then Ax, is part of the remainder 
term of this series, It can be shown that for these values 
of p we have lim Q,(u) = 0, so that Ap, + 0,and also 
k-oo 

| v(t)—x(t, t;,) | > 0 for k > a, 

If we denote by y(t) and %,(t) functions given in the 


2, (t) = Ag, X(t —p) +... + AgnIZn (t — p) 


where ag and are constant, In the latter case the 
theorem holds if u </(|Ale), where X is the root of 

the characteristic equation with the largest absolute 
value for p = 0, In the general case of a system of type 
(1), we have not proved this theorem rigorously, but it 
is evident that it is valid, 

Thus, in all cases of equations with a delay of a 
certain type, when the delay is sufficiently small,a 
phenomenon takes piace that can be called the relaxa- 
tion ‘of “heredity,” i,e., the weakening of the influence 
of the “heredity” with time, 

In fact, let us consider a dynamic system described 
by the equations (1), Because of the dependence of the 
solution of these equations on the initial functions, the 
state of the system at any instant of time t > 0 will 
depend not only on its state of the system at any instant 
t=0, but also,on its state in the preceding interval of 
time from t=— p tot =0, We will consider a certain 
instant ty, that is sufficiently far from the origin, and 
will assume that the state of the system at this instant is 
fixed, Then,in view of the above-stated theorem, the 
state of the system for a reasonably large interval of time 





interval t, _, St < t,,and coinciding in this interval with 
o(t) and X(t, t,),respectively, then these functions can be 
considered as initial functions determining the solution 

(t) and x(t, t,) fort > t,. Since the difference 

%),(t)— ¥,(t) tends to zero for k > oo, and in view of the 
continuous dependence of the solutions of differential 
equations with delay on the initial functions, the solution 
¥(t) will be a more accurate approximation to the solu- 
tion x(t, t),) for t > tye for larger te The following theorem 
can be proved rigorously, 


Let two arbitrary positive numbers € and L be 
given, where € can be as small as we wish and L can 
be as large as we wish, Then, in every case, if 
u < 1/(\ale),there is an instant of time T such that if 
ts >T, then in the interval [t,, te + L], wheret«> T, 
the inequality | ¥(t)—x(t, t,)| = €, will hold where #(t) 
is the solution of Equation (6) determined by the initial 
function ¢(t), and x(t, t),) is the solution of this equation 
obtained by the method described above for the initial 
condition x] t=t, = ¥(te). The time T depends on €, 
a, 2, and on the upper limit of the absolute value of 
P(t). 

This theorem can easily be extended to cover the 
case of the equation 


x (t) = ax(t) +.b2(t — p), 


where a, b, are constants, and also the case of the 
system 


(s == 4, .0.. A), (8°) 


beginning with t, will depend mainly on its state at the 
instant of time t = t,, and can be adequately predicted, 
The influence of the state of the system in the interval 

of time preceding te becomes smaller as the time te 
becomes larger, ‘he behavior of the system in this 

case corresponds to a certain extent to a so-called Markoff 
process, 

The question is very intersting as to whether this 
phenomenon also occurs for systems described by more 
complex equations with delay—for examplesin the case 
of variable coefficients with delay, and in the case of 
nonlinear systems, 

On the basis of what has been said, the solutions 
obtained by the proposed method can be called “limiting® 
solutions, For linear systems of the type (1) when the 
above-stated theorem holds,it can be proven that certain 
characteristics of the asymptotic behavior are the same 
(for t > oo) for the limiting solutions and for any solution 
of the system corresponding to arbitrary initial functions, 
Thus, it can be shown that if the functions x, . . «x " 
in the“limiting” solution constructed for any initial con- 
ditions x.(0) = X¢q tend to zero for t > a, then any solu- 
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tion of the system (1) has the same property. Also, if 
the initial conditions are such that the functions x,,...,X 
in the “limiting® solution increase without limit in 
absolute value, then,for arbitrary initial functions (if they 
are not specially chosen — a case that will be considered 
below),the functions x;,..., Xp, in the corresponding 
solution also increase without limit (in absolute value), 

If all the roots of the characteristic equation for the system 
(1) for p = 0 have negative real parts, and if 1 does not 
exceed a certain bound 9, then the functions x,... Xp 
in any “limiting” solution tend to zero as t-> oo, and so 
do the solutions for arbitrary initial functions, In other 
words, the zero solution of the system (1) possesses 
asymptotic stability both for » = 0 and for p< ql, and 

this property does not depend either on the initial condi- 
tions or on the initial functions, If, among the roots 
Ay... +» Ap Of the characteristic equation, there are roots 
with positive real parts, then the zero solution ceases to 
be stable both for » = 0 and for any other value of p. 
This conclusion concerning the equivalence in a certain 
sense of the solutions of a system of the type (1) for p = 0 
and » 0 agrees with the results of [3], Nothing that has 
been said in this section contradicts the results of A, D, 
Myshkis ([4], §§ 11, 23) on the classification of solutions 
of equations with delay, Let us assume, for example, that 
all the roots Ay... Ap of the characteristic equation 


n 


for the system (1) for p = 0 have negative real parts, Then, 


according to this classification, all the solutions can be 
separated for sufficiently small p into two categories: 

1) the weakly dampéd solutions, tending to zero not more 
rapidly than e?*, where p is the least of the absolute 
values of the real parts of the roots Ay,... Ap; 2) the 
strongly damped solutions, tending to zero as rapidly as 
we please according to the law e“t, where a - — o for 
i +0, If the solution of the system (1) is sought by using 
Euler*s method in the form of exponential functions 

x, = cent, then the solutions of the first type correspond 
to those roots of the characteristic equation 


Ja + be—* — Fr] = 0, (9) 
of the system (1) that, for p - 0, tend to the corresponding 
roots Ay,..., A, of the characteristic equation || a + 
+b-—EAll =0, The solutions of the second type correspond 
to those complex roots a + 8; of Equation (9) for which 
a-*— oo for p 0, For arbitrary initial functions we obtain 
a solution that can be represented as some combination 
of the two types of solution, The terms corresponding to 
solutions of the second type decrease very rapidly, and, 
after a relatively short time interval starting at the initial 
instant,they cease to influence the further behavior of the 
solution, which is thereafter determined by the main 
terms corresponding to a combination of solutions of the 
first type, The “limiting” solution corresponds to this 
latter combination of solutions of the first type, 

If among the roots A,,... , Ap there are roots with 
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positive real parts, then tor arbitrary initial functions we 
obtain a solution in which the functions x,,..., Xp in- 
crease in absolute value without limit, It isof courses 
possible to choose the initial functions in such a way that 
they correspond to solutions of the form x, = cse“tcos8t 
or to a combination of such solutions, where a + Bi isa 
root of Equation (9) that is discontinuous for pt = 0, i,e., 
a&->— oo for p +0, In other words, for the zero solution 
of the system (1) for sufficiently small p, as for p = 0, 
the so-called stability condition is satisfied, 

3, We will consider a system of equations arising in 
a problem on the stabilization of a rocket relative to its 
yaw angle y by an automatic pilot with rigid inverse 
coupling,and a delay » in the argument of the controlling 
parameter of the rudder mechanism: 


1 (t) + dry (t) + 438(t)=0, 8 (t) + 3(t) = 


o(t—p), o(t) = pry (t) + Poy (t). (10) 


Here b, and bg are positive constant coefficients 
characterizing the object being controlled, and p, and 
Pz are positive constant parameters of the regulator, Since 
the regulator does not act until y = 7 = 0, and then 
6 = 0, the initial functions must be assumed to be zero, 
i.e,, we set 0 = 0 for— yp =t< 0, and the initial values 
are ¥(0) = Yo, ¥(0) = Fo, (0) = 0, 

We will give the formulas that can be used in the 


iteration method to construct the “limiting" solution 


Y(t, to) of this system for the arbitrary initial conditions 
Y(to) = Yoo ¥(to) = Yoo 5(to) = 59 Here we are interested 
only in the regulated coordinate y, and so we transform 
the system (10) into a single equation for y: 


1 (t) +L + by) ZO) + bry () + 


+ bs{pit(t—v) + et (¢—w)]1=0. a0) 

If we set p = 0 and assume for simplicity that ty = 0, 
then we obtain the “undisturbed* solution y()(t) of this 
equation in the form 


1 = A,e™ + (A, cos wt + A; sin wt) e, (11) 


where 


A, 


= Ito 7 2a%o + (a? + ow) Yo], 


Az = —[— fo + 2ay + (h* — 2ad) Yo], 


As =e Ma —) Yo + (+ oF — a) Got 


+ (a*— w*—ah) to], s=(a—)*+ 0. 








Here A, a + iw are the roots of the characteristic 
equation for the system (10) for wp = 0: 


Kk + (1 + b,) k® + (b; + bype)k + bsp, = 9. (12) 


This equation has one real root and two complex 
(or purely imaginary) roots, Our main interest, of course, 
is to find the region of values of the coefficients of the 
system, for which A and a are negative, i,e,, the region 
of asymptotic stability of the zero solution of the system 
(10) for p = 0, 

The first approximation of the “limiting” solution 

is obtained in the form ya 1) - y + y ), where y®) 
is the solution of the linear homogeneous equation 


1 + (1 + dy) 2 + (by + bgpa) 4 + bgp = 
= — bsp, [x (t — w) — y (t)] — Dape [7 (t — p) - 
- ee yo (t)] 


for zero initial conditions, This solution is found from 
the formula 
t 


7) = Lf (6-2) [pid (2) + pad 7 (Neds, 2) 


where 


A4 (t) = FAY (0), 





{)=—e+ (cos wt nel “ sin wt). 


The function A ycan be written according to (11) 
in the form 


Ay (t) = Ayyie™ + [(Asxe — AsXs) COS wt + 
+ (Asyxs + Asye) sin wt] e™, 


(14) 


where the quantities X, = e “Ap 1,X,=e ~ 8H coswp — 1, 
X,=e fH sinwp are of the first order sibisos tow. If we 
—" this equation with respect to tswe obtain 

(t) 


A calculation leads to the formula 


_e (Me 7” Mt) é 4 





(15) 
+ (NY + NY) cos wt+ 
+ (LY) + L182) sin ot] , 
where 
M,) = — x * (p, + pod), NY = 5 (las + 13s), 





Lt a $(—ls42+l24y), 






























2(a—i 2 
MY = ic Me — & 1, 


(1) (A—a)?—w* 1 2(A— 
LY — Se MY? — = + 20=8) po 





b at -_ 
lp = —* [(Pi + Pot) ¥2 + Powys), 


b = a 
l, = — [P2Xs + (Pi + pea) yo), 


~ fine - d 
Ye = %2— Xa, Xs = ¥s— He. 





All the approximations can be obtained similarly 
in the form 


“ om “ 4 1 Bis i 1”, 
where 


1" = Mm(t)e" + [Nm (t) cos wt + 


+ Lm (t) sin wt] e (16) 


and Mm, Ny» and Ly, are polynomials in t of degree m 
with constant coefficients of order m relative top, It 
can be shown that when A < 0, a< 0, and|A| >|/al, the 
sequence { y converges for any finite value of t, if 
e7AH < 1/e » 0,368, 

An investigation of this “limiting” solution shows 
directly that if the "undisturbed" solution y{) tends to 
zero for t > oo, then the function Y(t, t,) will have this 
property for all values of that do not exceed a certain 
value, From what has been said ir Seation 2, it follows 
that in this case all solutions of the system (10) also tend 
to zero for t-> a, We thus arrive at an estimate of the 
limiting value of » for which the delay does not destroy 
the asymptotic stability of the control process that occurs 
for p = 0, 





A; 








The region of stability D of the zero solution of 
the system (10) for p = 0 in the plane of the control 
parameters p, and p, has the form shown in the sketch, 
On the left boundary of this region (taking p, = 0) we have 
A = 0 and a =~ 0,525, while on the right boundary 
[where p, = 1/(1 + by) py—b,/bs] we have A = —(1 + by) 
and a=0, As w increases, the frequency increases like 
¥pz It is of interest to investigate the stability near the 
right boundary of the region D where a is small in absolute 
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value in comparison with A and where the delay can 
serve as a disturbance in a system of undamped oscilla- 
tions, We will not give the derivation, but will give an 
approximate estimate which is easily obtained in the 


case a < 0, A < 0 for the difference AY(t) = Y(t, to) - 
co 
yr) aa > (i) (t). For “undisturbed” systems depending 


k=1 


on the delay p, this estimate has the form 


LAT()|<V At AB [ertor— et}, 17) 


where A, and As are the coefficients in the “undisturbed” 
solution y; and the value of q, with precision up to 
terms of the first order relative to u,is equal to q= yq, 
where 





2 
BV goto = rein ot [p?+ 2PiP2a + PS (a? + w?*)), 
(18) 
Although the inequality (17) is not exact, it is,£how- 
ever,completely satisfactory for all practical purposes, 
and calculations show that it is actually valid for all t, 


It follows from this inequality that if yp is small enough, 
then q+a< 0, ie, 


p< tel (19) 
q 


A Y(t) 0 for t-> a, and the stability of the control 
process is ensured, 

The inequality (19) is convenient because of the 
fact that it directly gives an approximate limit of the 
delay for which the control process retains its stability. 

Let us set, for example, by = 0,05, bs = 0,15, p, = 3 
and pz = 2, where the unit of time is 0,1 sec, These 
values correspond to a system that can be realized in 


practice, and yield the following values of the parameters: 


=-0,871, a = —0,0893, w = 0,580, q = 0,192, The 
inequality (19) shows that the stability of the control 
process is ensured if up < 0.46 (0,046 sec), For the same 
values of by, by and pgsbut with p, = 2.5 or py = 3,we 
obtain: A = —0,942, a = —0,0541, w = 0,629, q = 0,208 
and p < 0,26 (0,026 sec) or A =—1, a =—0,025, w= 
= 0,670, q = 0,221 and p < 0,11 (0,011 sec), respectively. 
These estimates do not contradict the results obtained 
by modelling the system (10) on the EMU-8 modelling 
apparatus, 

If 4 has a value such that the inequality (19) is not 
satisfied, then the control process cannot be stable, and, 
as calculations show, y(t) increaseswith t. Thus, if 
is given, it then follows from (18) that for a fixed p, the 
values of py for which the process is stable are bounded 
on the right by some number p? lying inside the region 
D, and for a fixed p, the values of pz are bounded above 
by some number pf. These results do not contradict 
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those of other authors who have considered systems of the 
type (10) (for example,see [5]), but the condition (19) 
is in our opinion more convenient in practical applications, 


In the investigation of the system (10) it is essential 
to have an estimate of the rate of damping of the con- 
trolled coordinate y(t), i.e., to solve the problem of the 
quality of the regulation, if this problem is solved for 
the system (10) for p = 0, then,by using the inequality 
(17),we can estimate the dependence on the time of the 
magnitude of the disturbances caused by a delay, and 
also solve the problem of finding the quality of control 
in the case p #0, It should be mentioned that the factor 


V A re Az in formula (18) is comparable in value to 


the initial value ¥9. The function f(t) = eff 7 niga 


thus determines approximately the amount of *disturbance* 
due to ¥p. For example, if by = 0.05, by = 0,15, py = 2,5, 
P2 = 3 and p = 0,1 (0,01 sec), the maximum of the function 
F(t)is attained for t = 23,6 (2,36 sec) and the value of this 
maximum is approximately 0,18, and we can conclude 
that this “disturbance” is not greater than about 20% of 

Yo In this case the delay has a relatively small effect 

on the quality of control, For the same coefficients, 
however, but with p = 0,2, we find that max F(t)* 0,51 
(for t = 3,6 sec) and that for t = 10 sec we have f 0,30, 
Consequently, the “disturbances” are so large, that even 
though the values of the coefficients lie inside the region 
of stability of the process for p = 0,2, the quality of the 
control is unsatisfactory: the damping of the oscillations 
of the coordinate y(t) is too slow, due to the influence of 
the delay, 

If it is necessary to investigate the character of the 
regulation process and the character of the “disturbances® 
in more detail, then we must obtain an approximate 
solution by using the method described in Section 2, For 
example,let by = 0,05, bs = 0.15, py = 2.5, pp = 3, Yo = 1, 
Yo = 0, 59 = 0, and jz = 0,1, and let the unit of time be 
0.1 sec, If we use the “step* method, we find that in 
the interval 0 =t =t, = p the function y(t) can be ob- 
tained from the equation * + 1.05 Y + 0,05 = 0 with the 
initial conditions ¥y) = 1, ¥9 = Yo = 0. Therefore, y(t)=1 

In the interval t; = t =< t, = 2u, the function y(t) 
satisfies the equation 


1+ 1.05 7 + 0.05 y + 0.375 = 


and the initial conditions yp = 1, ¥9 = Yo = 0, so that 


22 (1 — ety 


rsh ?S (20) 


3000 


19 (1 _ e 0-06 ((—h)) — 7.5 (t _ ty). 


+ 





We now obtain the “limiting” solution Y(t, ty) of the 
equation (10) and choose the instant of time t = t, as the 
initial time with the initial conditions defined by (20). 
With an error of less than 0,0001 we obtain 79 = 0.9999, 
Vo = —0,0018, Yo = —0,0356, 
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The calculation of the functions y, y®) and y?) 
yields 


+1 (0) = 0.306 e™ + (0.694 c0s wt + 0.516 sin wi) e%. 


1? 0 


‘ 


(— 0.00773 + 0.00125 2) e* - 
+ [(0.00773 + 0.0156 t) cos wt + 


+ (0,0193 + 0.00904 2) sin wt} e™, 


52) (2) — (—- 0.000263 — 0.0000760 ¢ + 0.00000254 #2) e* +- 
‘ 


{ (0.000263 — 0.000070 t + (0.000172 t?) coswt + (0.000173 + 


+ 0.000278 ¢ + 0.000075 7%) sin wi] e%, 


where T = t—t,, A = —0,9419, a = —0,05407, w = 0,6287, 
and the coefficients are given with an accuracy of one- 
half the value of the last figure, With an error of less 
than 0,005 for all values of t, we can write the second 
approximation to y(t, t,) in the form 


7 (t, te) = 7 — 0,008 e™ + [(0,008 + 0.0155 # + 


+ 0.00017 #2) cos wt + (21) 
+ (—0.019 + 0.0093 t + 0.00008 #2) sin wt} e%. 


It is not difficult to see that the predominant part 
in each function is played, as in the case of the functions 
y ® and y @), by the terms of the highest degree in t 
in the coefficients of e®*coswt and e#*sinwt (in the func- 
tion ¥ |) these terms attain a value of approximately 
0,12 in absolute value, while the remaining terms do not 


exceed 0,03 in absolute value; in the function 7 @) these 


terms reach 0,035 in absolute value while all the remaining 


terms are not larger than 0,0026), In the function y (8) 
these terms are 


(0.000 00125 cos wt + 0.000 00037-sin wt) 1° e% 

~G) 
and do not exceed 0,001 for any t, In y these terms 
are only one-fifth as large, etc,, so that if we want to 
calculate y(t, t,) with an accuracy of 1%,we can limit 
our calculation to the second approximation, 

We now estimate the error committed in using the 
"limiting" solution Y(t, tg) to represent the exact solution 
Y(t) for t = t,. In order to do this, we compare the 
function y(t) in the interval ty <t < t,, represented by 
the formula (20), with the function Y(t, t,) in the same 
interval, It is convenient to write both these functions in 
the form of a Taylor's series of powers of t—t, with a re- 
lnainder, For y(t) we obtain 


1(t) = 0 + Tot + +2 12—0,05627 #® -- 0.01476 74 — 


- (22) 
— 0.00328 #5 -+ Ay, 


where |A,(t)l< 0.00055 (E+ p), t= t—t, and Yo, tor Fo 
are the values of the function y(t) and its derivatives at 
the instant t = t,, calculated by using the expression (20), 
For the second approximation (21) of the “limiting* 
solution,we obtain 


7 (t, tz) = %o + ot + at i —~ 0,05626 7 4 


+ 0.01484 ##— 0.00127 7 — As, 


(22°) 


where |4,(t)| < 0,00045 T8, The difference between the 
expressions for the function is 


~ (t) —F (ty te) = —0,00004 ¢# — 0.00008 # — 0.00201 7 


+ As, 


where | A,(t)| < 0.00055 (t + »)® + 0,00045T*, The 
difference between the corresponding expressions for the. 
function O = p,y + pe) is 


- 0,00008 7 — 


0,01 7 €, (23) 


As (t) = 6 (t) -o (t, te) = -— 0,00009 72 


— 0,3 4 


where | €|< 2-107, It follows from this last formula that 
|Aoct)| < 5,1+10°® We should mention that the coeffi- 
cients in (22°), written with an accuracy of 0,00001, 

do not vary if the function 7), is left out, and this is» 

of course,also true for the functions 7%), 7” etc, We can 
therefore assume thatformula (23) is valid not only for the 
second approximation, but also for the “limiting® solution 
itself, 

We must therefore compare two solutions of the 
equation (10°) for t = t, for which the functions (t) and 
G(t, tz) (which play the part of initial functions and are 
given in the interval t,-y=t < t, )differ from one another 
by not more than 5,1- 107°, It is not difficult to establish 
that ,in all cases for any t = t,,these two solutions will not 
differ from one another by more than this amount, The 
solution y(t, t,) has an accuracy that is more than that 
needed in practice, The influence of “heredity® on the 
solution y(t) as early as for t = t, = 0,02 sec has practically 
vanished, 

We mention that the accuracy would be completely 
satisfactory if the “limiting” solution were calculated 
directly for the initial conditions of the problem y, = 1, 

Yo = Yo =. In other words, the control process described 
by the system of equations (10) is approximated sufficiently 
well by the solution obtained by the iteration method, if 
only the initial values of the problem yy) = 1, yg = 59 = 0 
are used and without taking into account the initial 
functions, 

It can be established from formula (21) that the "dis- 
turbance® related to does not exceed 0,15, ie,, 15% 
of the initial value y»9, It should be mentioned that a more 
detailed investigation of the "disturbances" leads to 
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approximately the same estimate as that obtained by using 2, 
the approximate formula (18), 
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who suggested to me the problem of calculating the role 3, 
of the initial functions,or the “heredity” in systems of 
automatic control, and whose advice, in the course of 4, 
several discussions of the problem, was very helpful. 
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We consider the application of the direct Lyapunov method to problems in the stability of systems with delay, 
Certain criteria are given for the stability and asymptotic stability of such systems, The possibility is shown 
of applying quadratic forms in stability problems in a first approximation, and estimates are proposed for the 











perturbations, 


One of the important problems attracting the attention 
of many scientific workers is the stability problem for 
systems with delay, 

Any automatic control system is in some measure 
a system with delay, and the influence of this delay on 
the stability must be ascertained, The influence of even 
small delays can be very significant, for example, in 
systems with transitional high-frequency vibration processes, 
The scientific development of the last three decades has 
shown that the most effective and universal method of 
investigating stability is the direct Lyapunov method, 
There is therefore a natural tendency to derive methods 
for investigating the stability of systems with delay based 
on the ideas of the Lyapunov theory of the stability of 
motion, 


1, Definitions and Statement of Problem 
We consider the system of differential equations 





Xi [t; rt? },.5.,% @— t)j - 


for || af) 


where 
|| x || = sup |x; (¢—*) ji for OS 

If 5 can be chosen independently of tp, the functional 
is called uniformly continuous, 

Definition 2, The solution x(t) = 0,.. .,X,(¢) = 0 
of the system (1) is stable, if, for every ty > 0 and € > 0, 
we can find a number 6(€, tg) such that from the condition 
ll x(te—T ) Il = (€, ty) follows | x(t) < € for any t > tg. 
Here,and in what follows, I x(ty—T ll = sup tl x. jo- T 1} 
for 0 =T sh; (to), Ix = sup {| x;(t)| } aK, > ty 

If the number 5 is independent of to, then the stability 
is called uniform, 

Definition 3, If, for the conditions stated in definition 
2, there exists a positive number 5, such that from the 


condition lx (to—T ll < &, it follows that lim | 2 (/) (), 


{—»oo 


X; {t; 


x'2) | < 6, 


TS h; (t) 


dx; 
—- = Xi [t; 


at X(t — , 


(i= 1,.. 


» In(t — t)] (1) 


oy 


where X,[t; xy(t—-T),... » X,(t—T )] is a functional 

that is continuous and bounded in the region t = to, 

Ix,| < H(j=1,..., ) and satisfies the condition 

Xj (t; 0,...,09)=0, For a givent, the value of the 
functional X; is determined by the values of the function 
Xj (t—T),.. + » Xp (tT) of T in the intervals 

0=T =h(t),...,9=T =h,(t) The functions 

hy(t), . . . » Ny(t) are assumed to be positive and bounded, 
iLe., 0 = h(t) sh (j = 1, . « «M) for 0 =t< mw, 


Definition 1, The functional X [ts m O-F i ccce 
X,, (t—T )] is called continuous, if,for any arbitrarily 
small € > 0, there exists a positive number 5(€, ty) > 0 
such that 


x? ( 


x (¢ — T),oceg Sy (LC —tH I< 


(jy = f,.. 


> 


then the undisturbed motion x, =... = Xp 
asymptotically stable, 


= 0 is called 


Definition 4, The functional U[t; x,(t-T),...,. 
Xp, (t—T )] is called sign-definite, if there exists a continuous 
function ¢(r), satisfying the conditions 9(0) = 0, v(r) > 0 
for r + 0, and such that in the region where the inequalities 
t=T, | x.(t)l < H are satisfied where T is a sufficiently 
largesand H a sufficiently small»positive number, then 
either U[t; xy (t-T), .. «+ » Xp (t-T)) = ¥ (1 x(e)]), oF 
Ults x (t-T), 2.» X, (t-T)] S— Cl x(e)]), In the 


first case the functional is positive-definite; in the sec- 
ond, negative-definite, 
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A pecularity of the Lyapunov method in its applica- 
tion to stability problems for systems of the type (1) is 
that either the Lyapunov function is replaced by a 
functional *, the derivative of which, in view of (1), is 
also a functional, or the functional is the derivative of 
an ordinary Lyapunov function in view of (1), The minimal 
class of curves, on which these functionals must satisfy 
the conditions of the Lyapunov theorem, are the set 
of solutions of the system of equations for the disturbed 
motion which correspond to the chosen system of initial 
functions, In stability problems a knowledge of the 
solutions is not assumed, and therefore a basic problem 
is the selection of those classes of curves on which the 
fulfilling of the conditions of Lyapunov's theorem ensures 
the stability of the undisturbed motion, 


The present work hagthe object of showing that 
Lyapunov's V-function method can be effectively applied 
in stability problems for systems with delay, Here the 
class of functions mentioned above is determined by the 
Lyapunov functions themselves, 


2. Stability Theorems 

We will consider functions V(t; x,..., x) that are 
continuous, that have bounded continuous, partial deriva- 
tives, and that are sign-definite in the region t=ty,| xq <H 
(j=1,...,). Because of (1) the derivative of such a 
function represents the continuous functional 





Fi [t; Ty (t a t), . “ss Tn (¢ mae t)] — 
av ‘I ov : 
=F + Dj ae, Neltsri(t—1),-.-,2n(t —1)]. (2) 
k=1 


The functional (2) evidently also has a meaning when 
it is expressed on a set of curves which are not integral 
curves of the system (1), In what follows we will consider 
a functional formally defined by the relation (2) on a set 
of continuous curves {y,(t),... » Yq(t)} that contains 
not only integral curves of the system (1), A sufficient 
condition for the stability of undisturbed motion of the 
system considered is given by the following theorem, 


Theorem 1, If for the disturbed-motion equations (1) 
there exists a positive-definite function V (t; x,... +» Xn)» 
whose derivative dV/dt = U[t; x;(t—T)], by the above 
equations, is such that for every t = t, the functional 
Ut; ya(t—T ), . « » » Y_(t—T )] is negative or identically 


on the initial functions, according to which, for any 
number c > 0 as small as we please and any number 

T > t +h, a positive number 65(c, T) can be found such 
that the condition Il x(tp—T )ll = 5(c, T) (see definition 2) 
for all t in the interval (tp, T) ensures the validity of the 
inequality V[t; x;(t),...,x,(t)]} Sc. The fact that the 
inequality V[t; x;(t),..., x_(t)] = c holds for allt = ty 
follows from the conditions of the theorem, 


The criterion for asymptotic stability is obtained 
from the following theorem, 


Theorem 2, If,for the conditions of Theorem 1, the 
function V(t; xy,..., x,) admits an infinitely small 
upper limit,and the function U[t; yy(t-T), . . .,¥n (t-T)] 
is negative-definite, then the undisturbed motion is 
asymptotically stable, 


The proof of this theorem is based on the estimate 
obtained for the functional U along all the solutions of 
the system (1) satisfying the conditions V[t; x;(t),..., 
x (t)] = c,i,e,, on the relation 


V (o, ry (9), eee 9 In (e)) < Cc for 6<t, 


where c is any arbitrarily small positive number, 


Theorems 1 and 2 give sufficient conditions for sta- 
bility and asymptotic stability, regardless of the size of 
the delay. These conditions are close to being necessary 
for large values of the delay. It is a more important 
fact that Theorems 1 and 2 determine the boundary set 
of curves on which the functional dV/ dt must be of a 
constant sign or sign-definite. These conditions are ex- 
pressed by the inequality 

V [o, 2, (s),.. 


+ tn (9)]} 
<V [t; a(t)... -, tn (t)] for t—hqgext 3) 
and are needed for obtaining other stability criteria, 


Less stringent stability conditions can be obtained 
by excluding from the set of continuous lines satisfying 
condition (3) those which in view of the system (1) do not 
yield solutions, In this case, it is possible to obtain 
stability criteria as the criteria for the sign-definiteness 


zero on the set of continuous functions {ys(9), ease y,(9)} , of the functional U on the curves obtained from one or 


satisfying the condition V[9; y;(9),. ++ » Yp(%)) = VIts 
Y(t), ooo » Y_(t)] for O < t, then the undisturbed motion 
is stable, 


In the proof of this theorem we use a theorem on the 
continuous dependence of the solutions of the system (1) 
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other of the estimates of solutions satisfying condition (3), 
We will consider one of the possible methods of ob- 
taining such stability criteria, Let 


*See the results of N, N, Krasovskii in [1], 





for 
fo 


sin 


the 


de 


bil 


me 
tin 





Sj” (6; c) = sup] Nile; we —*), -. 


on the set of continuous curves satisfying the conditions 


V (¢; 9, (@), .... Hale) —e, 


It follows from the system (1) that the inequalities 


V (9; y, (¢), ... 


++ Yn(s — *))I fo) 


»Yn(s))\<c for t—h<eox<t 


| xj (t') — aj (t")| < Si” (t; ec) it’ — Ch. Sek, n) (4) 


ie t—he ft < €. 


must hold, 

It is not difficult, in addition to this, to prove the 
validity of the following criterion, 

Theorem 3, If, for the equations of the disturbed 
motion (1), there exists a positive-definite function V(t; 
Xy, + » «» Xp) having an infinitely small upper limit, and 
a positive number ¢ such that the derivative of the func- 
tion V determines the functional dV/dt = U by using the 
system (1) where this functional is negative-definite along 
every curve (y;(t),.. + » yp,(t)) satisfying the conditions 
Vits yalt)s » » » + Yq(t)] = cy VIOs yx(O),- 2.» Yn(9)] SC 
for 9 <t = to, | xx(t")| = Sf (e; eyft'—e"] G=1,...,0) 
fort—h=t' =t2=t, t-h st” <t = to, then the undis- 
turbed motion is asymptotically stable, 


This criterion involves the delay, and yields the 
possibility of estimating its influence on the stability, 
Better precision in the stability criterion can be obtained 
by replacing the functions s@) @; c) by the functions 
st) (t; c) defined by the condition sf? (t; c)= sup| X; [o;; 
¥1(O-T), 220 0 Yn * (o-7 )}| on the set of curves 
{ys(9), cove Yn(P it satisfying the conditions of Theorem 
3, Further methods of improving the criteria are obvious, 
The effectiveness of the method proposed can be shown 
by many examples considered in [2], We will give some 
simple examples; 

1, The region of stability of the trivial solution of 


the equation 
dx 


ar = — ant) — bx(t — +), 


determined by the Lyapunov method, is shown in Fig, 1, 
The broken line shows the limit of the region of sta- 
bility, obtained from the accurate solution, 
2, The trivial solution of the equation 


t 


dx 


; ree \ x(C)dt 


t—h 


is stable ifh = 1/V2 © 2,24, If we apply the Lyapunov 
V-function theorem, we obtain the condition h = 2, 

Thus, in the case of a system with delay, the Lyapunov 
method is an effective and universal method of investiga- 
ting stability, 


t—h<v<t. 











Fig. 1, 


3, Stability According to the First Approximation to 





Systems With Delay 

In stability problems relative to the first approxima- 
tion for general systems, quadratic forms have found a 
wide application as Lyapunov functions, Quadratic forms 
have just as wide an application in stability problems of 
systems with delay, 

We will consider the system of differential equations 
for disturbed motion, 





dz, ! 
ar = Fults 11 (4), ~ ++, In(t), %(¢—t),..., 


(5) 
In(t —*)], 


where the F, are holomorphic functions of the variables 
X(t), oo» X(t), H(t-T), «+ + » X(t 7), satisfying the 
condition F(t; 0,..-,0)=O04=1,...,), WithT a 
constant, 

If we use the notation pij(t) = OF,/Ox;, qj = 
= OF./d x,(t—T )sthen,for x(t) =... = X,(t) = % (t-T) = 
=... =X, (t—T) = 0, we obtain the system of equations 


dz - 

= = >} [pa (t) 2; (t) + ay (t) 25 (t — 2) 
j=1 (6) 

(i= 1i,...,a) 


For a system of the type (6) we can look for a Lya- 
punov function in the form of a sign-definite quadratic 
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form | == >, 2;;(t)%i%j- As a Lyapunov function for 


i, j=l 


(6), we can take, in particular, the quadratic form that is 
a Lyapunov function for the usual system: 


dx; A 
a ™ pr [pij (t) + i (Ol) 23 (Ht...) (YD 


1=1 


which is obtained from (6) for T = 0 and is obtained by 
some one of the known methods, 


d , 
The derivative —— (> Oi; Lj x;)y in view of the 


system (6), will be a bilinear form of the type 


VS | ; 
cle >) [bi; (t) x; (t) 2; (t) T Cj (t) XY (t) x; (t — )]. (8) 
i, j=1 
By using Theorem 1 or Theorem 2, the stability or 
asymptotic stability follows from the constancy of sign 
or the sign-definiteness of the bilinear form (8) if 


.-»In(t—*)] < 


V(t —; 2, (t —*),. < 


<V iti 210, -- +) tn]. ” 
For these conditions the bilinear form (8) can be 
majorized by a quadratic form, and the stability conditions 
can be obtained from a known inequality of Sylvester, 
The proposed method can also be used to obtain an es- 
timate for the disturbances, to determine the degree of 
stability (quality criteria), and to solve the stability 
problem for a finite interval of time, 
The majorant of the bilinear form (8) can be ob- 
tained in the following ways 


orm Dd) (dig (t) + aj ()) 24 (t) 25 (t) +.c45 (0) 24 (t) [2 (t — t) — 2; (0))}. 


i, j=1 


A known formula due to Lagrange then yields 


a; (t — t) — a; (t) = — 22; (9)), (13) 


where a’; t-6;T, 0< O\< 1, 


If we substitute (13) in (12) and replace x, by the 
right-hand side of the corresponding equation from the 
system (6), we obtain 


n 


dV = >> {10 (t) + Cij (t)] Ty (t) Lj (t) nl (14) 


“dt 
i, j=1 


~ [r0(t)c45 (0) (Pie (03) e (09) + 954 (03) 2405 —=))} 


s=1 
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First method, The quadratic form majorizing the 
bilinear form dV/dt can be obtained as the solution of 
the problem of maximizing the function (8) under the 
condition (9), This problem can be solved by applying 
the Lagrange method of undetermined parameters, Then, 
if we use a known inequality for quadratic forms, ob- 
tained by using their canonical representation, we obtain 
the following inequality for the bilinear form (8): 


D 84) + VE OIGOGQ>T > 


i, j=1 


> Dd By O+ 8; VP OEOS ©, 


i, j=1 


(10) 


where ci is the canonical variable, B ii(t), h*(t) and h*(t) 
are linear combinations of the coefficients of the system 
of equations for the disturbed motion and the coefficients 
of the quadratic form V are § ij = 1 for i= j, FT =0 

for i # j, 

On the basis of the inequality (10), the asymptotic 
stability of the trivial solution of system (6) for any value 
of the delay T > 0 follows from the positive-definite 
quadratic form V and the negative-definite quadratic 
form 


n 


[Bij (t) + 8:5 Vr’ (0) (2) G; (2). (11) 


i, j=1 


Second method, This method of obtaining a 
majorant for the bilinear form dV/dt can be used to 
estimate the influence of the size of the delay on the 
stability of the undisturbed motion, 

It is obvious that the expression (8) for dV/dt can 
be written in the form 





(12) 


A multilinear form is obtained for dV/dt, and the 
condition for asymptotic stability will be the negative- 
definiteness of this form for the condition (3), If we 
transform to canonical variables y,;,..., Yne in which 


n 
V= b- y?, we obtain conditions that are equivalent, 
i=1 


in the case considered, to the condition (3): 


> ¥2(;) < 


=] 


¥i (4), 


1 


D #(s3—-)< > y(t) (¢=—4,... 


(15) 


iM 


, 








The majorant for dV/dt can be obtained here by 4, Estimates of the Disturbances 





replacing the conditions (15) by the less stringent con - The desired estimate cannot be directly obtained 
ditions from the inequalities (10) or (17), since these inequalities 
—— were obtained by using condition (3) which is not satisfied 
lys(o;)}< / 2(t by the estimate obtained in this way, We therefore start 
2 vi)» from the assumption that the desired estimate has the 
ees (16) form 
IMas—N3< VF Ro. 
_ V <Veexp\ h(t) dt. (18) 
If we substitute (16) in (14), we obtain, after some 
simple transformations, the inequality From this inequality follows the condition 
~ m V (t —t; a,(t—t),.. ., In(t— I< 
Te < Zz [ai; (t) -- bij Ta) (t; t)] Yi Yjs (17) t (19) 
i jt <Vit; 2, (t),..., tn(t)}exp \ —h(t)dt, 
t—t 


where 6,. is the Kroneker delta, and w(t; T) is aknown 


function of the coefficients of the system (6), of the which must replace condition (3) in the reasoning in Sec. 3, 
t 


coefficients of the quadratic form V, and of the magnitude ¢ . 
of the delay T, If we use the notation ¢(t) = exp \ —h(t)dt and 


The asymptotic stability criterion is obtained from — 
the Sylvester conditions for the right-hand side of the in- _ repeat the calculation in Sec, 3, we obtain for dV/dt the 
equality (17) to be negative, inequality, to replace (10), 
n av n 
D (Bis) +8 VEORK MGS >> D (Bs + sj VOOR MGS (20) 
1, j=1 i, j=1 
or the inequality, to replace (17). function A(t): 
av 4 in the first case — 
a < 2s (aj () + 
i, j=1 (21) t 
— << _——— _ —— 1 r 
+ 845 [os (5) VE @ + o (t,t) VOOM MY» dt) >n) —VE OH exp[—F | rat], cm 
t--t 


where W(t; T) and W,(t; T) are known functions of the 
same arguments occurring in the functions 4,(t; T) [(17)] 


and t in the second case — 


(t) = exp \ — h(t) dt. 
hie d() >u(t) —z[e; expy | - 


In addition, in the case of the inequality (20), the ‘ 


function A(t) must not be less than the largest root of 


= 


th i i (28) 
e equation —h(t)dt + w,(t; t) exp > { —Ne)dt |. 
det | Bi; (t) + 3: (Ve @)h’ ()—rAW=0. (22) t—at 
In the case of the inequality (21), the function A(t) 
must be not less than the largest of the roots of the ” 
equation In both cases ji(t) is the largest root of the equation 
det ai; (t) + 845 (boy (¢5 t) V(t) + det | ai; (¢) — 8; wl] = 0. (26) 
+ ws (t; =) V 9 (2) — NI = 0. (23) 
For determining the function A(t), we can now 
We now obtain the inequality for determining the apply the known method of successive approximations, 
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EXAMPLES 

The value of Lyapunov's direct method lies in the 
fact that at the present time it is difficult to find stability 
problems where the application of this method is doubt- 
ful, The results given below of the solution of particular 
problems are of an illustrative character, since these 
problems can be solved by other methods, and a com- 
parison can be made of the results of the various methods 
of solution, 
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Fig. 3, 

1, In Fig, 2 and Fig. 3 are shown the stability regions 
in the coefficient space for the equations of disturbed 
motion for the stability problem of a control system 
described by the differential equations 


ot = bx (t) + bere (t) + bare (¢—*), 
(27) 
os = (t). 


The Lyapunov function for the given problem is 
taken to be the quadratic form V = O44x} + 20t4)x 4X, + 
4+0lyx3, which satisfies the equation 
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dV Vv 
dz, [byry ss (b2 + bs) rq] — Fes 41=— x? — 2. (28) 


2 

The corresponding stability regions, shown in Fig, 2 
and Fig, 3, were obtained by using Sylvester*s conditions 
for the sign-definiteness of the majorant of the bilinear 
form dV/dt obtained by the first and second methods 
given in Sec, 3, 

2, In Fig, 4 we give the results of calculating the 
permissible delay in an automatic pilot, if the airplane 
is to be longitudinally stable, The equations for the 
disturbances in the motion of a plane with an automatic 
pilot in the case considered have the form 

= = put (t) + 
ss = 2 (t), (29) 
dxs 


dt 


PioTe (t) + Pista (t — Tt), 


= Part (t) + PgeXe (t). 




















————e 
15 20 ¢, 


0 
Fig. 4. 
The Lyapunov function in this example is also taken 
to be the quadratic form V = O43 x4 + 2QyoXyX_ + Ag9Xe + 
+ 2lggXoXg + Xg9Xq, Which satisfies the equation 


ov (Pu%1 + Pi2e%e + Py37%3) + = 2 + 
Ox, Ox, (30) 


ov 2 2 2 
+ — (psity + Ps2%2) = - (xj + % X3)- 
Or; 


The majorant for 6 V/6t is obtained by using the 
second method in Sec, 3, 

The results of the calculation show that the fact that 
the system is highly stable forT = 0 does not guarantee 
its stability in the presence of delay, 
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SOME QUESTIONS CONCERNING COORDINATED CONTROL SYSTEMS 


E. M. Syuzyumova 


Moscow 


Translated from Avtomatika i Telemekhanika, Vol. 21, No, 6, pp. 749-760, June, 1960 


A theorem concerning inverse transfer matrices is considered, which can be used to formulate the conditions of 
static independence of the control of several variables in a short form. Also considered are the conditions for 
dynamic independence of several nonlinear coordinated control systems, 


1, The Theorem of Control Inverse Transfer Matrices 

In the works of I, N. Voznesenskii [1, 2], there appears 
a theory of autonomous or independent control of several 
coordinated variables, In these works a general method 
is given for the determination of the transfer functions of 
control couplings, In designing control systems with 
several controlled variables, in particular, control systems 
for central power station turbines, we can apply the theorem 
proven below, which states that the matrix of machine 
couplings is the inverse of the matrix of control couplings, 
This theorem can be used not only for the simple deter- 
mination of the transfer functions of the control couplings, 
but also for an easy verification of the correctness of the 
results obtained, We will prove this theorem as applied 
to an example of the control of three coordinated variables, 

The equations for the control system will be assumed 
to be: 

the equations for the machine (relative to the original 
equilibrium position ) 





Tarr + Cy ey + Cpe oe + Cis fs = A, 
Tae de + Ce [41 + Coo [+2 +- Co3 [As = he, (1) 
Tas ds + C33 a + C32 Po + Ca3 bs = hg. 


the equations for the servomotors in the case of one 
amplification stage 

T's Pr + er — (dir Hi + Cie%e + dy fs) = 9, 

T sotto + Yo — (dor Hi + den Ne + des) = 9, (2) 

T 43 3 + Ps — (ds, Hh + dsot9 +- dss Ns) = 0. 

In the equations (1) we have used the relative variables 
¥ =Adn/5n dno = ?n/5 _ for the machine, where 9, 
is the usual relative machine variable, This is done in 
order to eliminate the nonuniformities 5,, 5,sand 5, 


If we use the fact that for ideal regulators 7, = ¥, 
He = ¥2,and 7, = 3, we can rewrite (2) in the form 


T sy tea + ea — (in hr + die be + dis $a) = 9, 
T 5242 + pho — (dor $y + dae be + dis hs) = 9, (3) 
T e343 + Ys — (dar $1 + doe $2 4- dans) = 0. 


The coupling coefficients cj, in the equations (1) are 
for the internal machine coupling, while dj, in Eq, (3) 
are for the external control coupling, 

The problem of realizing statically independent control 
reduces to that of finding the values of the regulator-to- 
servomotor transfer functions d,, for which the external 
control couplings disconnect the internal couplings of the 
machine, This problem has often been solved for special 
cases, and it has been solved in general form by L N. 
Voznesenskii, In the most concise form this problem can 
be stated as the briefest theorem of inverse transfer matrices; 
the matrix Il d, ll of the control couplings transfer functions 
that ensure static independence is the inverse of the matrix 
llc, ll of the internal machine couplings, 

For the proof, we apply to the three machine variables 
in turn the following three systems of unit loads: 


1) Ay = 1, 4g = dg = 0; 
2) de = 1, Ay = Ag = 0; (4) 
3) As = 1,2, = =O. 


For statically independent control, the static conditions 
for the first case must be 


1) m= =r, = 1, 
(5) 
Ne = Po = ho = 0, Ys = bs = Ay = . 
Similarly, in the second and third cases, 
2) Ne = 1, T = Ns = 0; 
3) Ys = 1, Mm = Te = 0. 


Static displacements of the servomotors are deter- 
mined by the substitution of (5) in (3): 


1) pi =dy, pe = dy, Hs = ds; (6) 
2) py = hp; Ho = dee, 3s = ds; 
3) 41 = Yass Ye = des, pty = dys. 
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If we substitute (4) and (6) in (1), 
conditions for the first case: 


we obtain the static 


We shall rewrite these equations in terms of relative 
variables: 











1) Cy, dy, +: Cyo de, + Cygdq, = 1, ; 
ae dura oo Par Pi + Crips + Crofts + Crstts =90, 
Co yy +- Cog day + Cog dg, = 0, 1 
™ Tae. + ¢ + Coote = () (10) 
ae ee ea a ae a a2 Y2 2141 -t Ce2te = VU, 
Thus, Tass +> Cavfte 4- Casts = 0, 
digest, dye, aya . . 
1! / a ’ 21 A. ’ a= A, ’ 8 where Vi = Aw/5 Wo, Ve = Ap,/5 oPio. V3 = Ap,/6 3P 20° 
; (8) The coefficients c;, are given by 
where A,, is the matrix determinant of Il cll , and Ci, is its 
cofactor, Similarly, for the second and the third case, | | | Nao Neo Noo 
we obtain: | fu C12 C13 | Ne No Ny 
‘ Ca Coe Cg: , Dyo Doo 
2) dys = 7 : 9 dyo KR. ° dys = A. 9 | Cik || = | Coa, Ces 0 = Dro - Di, 0 (11) 
Cc Cao Cc 
Gee dea, dg S. Diy _ Do 
ba ™ Be Oe | : ae ’ Diy Dito 




















We now note that,in the system (7),the subscripts 
of each term c,d); are such that the subscripts ki of 
the unknown quantities are in the opposite order to the 
subscripts ik of the coefficients cj. Thus, the general 
expression for the transfer function djk can be written 
in the form dik = Cj,/4... The matrix Il cj, lI is thus 
adjoint to the matrix |l dill. It follows from this by a 
known theorem from matrix theory that | dj,ll_ = Il cjyll 4. 
The theorem is thus proven. 


Asa consequence of this theorem we have | dix] =| c;,,| ~4, 


or, in other notation, Ad=Ac™!, This result yields the 
shortest method of checking whether the control transfer 
functions correspond to the integral machine couplings, 

We will demonstrate the application of the theorem 
to the classic example for this problem, i,e,, the problem 
of regulating a two-point extraction power station turbine 
by the application of the theory of independent control 
(1, 2}, 

We introduce the following notation: Ww, p,, and p, 
are the controlled variables; Wo, pyo aNd pee are the 
nominal values of these variables; Ny, Nz, and Ng are the 
powers of the three sections of the turbine; Nyo, Nop, and 
Ngo are the maximum powers of the three sections; D,, 
D,, and Dy, are the values of steam flow through the three 
sections; Dp, Dp, and Dgy are the maximum steam flow 
through the sections; D; and Dj are steam flow through 
separators; No, Dyg, and Dy, are the nominal electric 
and heat loads of the turbine; V, and V, are the volumes 
of the separators; y,; and y, are the specific weights of the 
steam in the separators, 

We write the equations for the machine in terms of 
absolute variables: 


dw . » 
Toa = Nit Not+ Ns—Noen 


v2 = D, — D,— Dy, (9) 


Ves ots _ = D, — Ds — Dy. 
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The matrix |l dl of the control transfer functions is 
uniquely defined by the inverse matrix theorem || dj, ll = 
= I cil = and 








pn __ Nip D2 Poo, Yio Dro at 4 Dyo Noo Dao 
‘ No 0 Dig oP i160 Dy P 1104 Dio No Dyig : 
wy Pio Piro 
il LA. a ‘ ’ 
Noo Doo , Nao Dro 
a, te No Dito No Dio. 
12 Le Le ’ 
(12) 
Nz, Dao 
Ce No Dio 
di; = aa - , 
L\¢ c 
Dyo Do 
C Dy P10 
ds, = sas a ’ 
Lv- L\- 
Nip Dry Now Dio 
d _— ‘Cae _ No Dito ,d bd Ce ’ No Dio 
oe ee _ Jkt pies gl 
Le i3¢ Le Be 


As is to be expected, these more simply expressed 
values of the transfer functions coincide with those ob- 
tained by I, N. Voznesenskii [2, 3], What is new here is 
the compact form of the entire derivation in the form 
of the inverse matrix theorem, and also the consequent 
possibility of thoroughly verifying the final result by using 
the relation Ad X Ac= 1, 

It is obvious from the proof of the theorem that only 
after the transformation to the relative coordinates » 








are the matrices Ilcll and lldll related by the inverse ma- 
trix theorem, The matrices llill and IIkil [2, 3], reduced 
in [2], with respect to nonrelative variables, do not satis- 
fy the inverse matrix theorem, The reason for the trans- 
formation to relative variables is thus made clear, 
For the APT-12, one of the two-point extraction 
turbines produced in this country, with parameters ty = 
= 435°C, pp = 35 atm, py = 10 atm, p, = 1,2 atm, Pk = 
0,05 atm, the flows through the sections are Dj» = 
130,000 kg/hr,Dz9 = 80,000 kg/hr, and Dyy = 40,000 kg/hr, 
The heat drops used are: 
Hy; = 55 kcal/kg, Hp, = 93 kcal/kg, Hg? = 81 kcal/kg, 
The maximum powers of the sections: are 


y Dil yn € y D Hov, 
lo = hep = 832 Np, = Dolan _ g65, 

N lo 860 8320 kw N 29 = 360 = 8650 kw 
_—__ Doll 3%3 a 

N gr a 3770 kw 


The nominal loads are 


Ny = 12,000 kw, Dy = 50,060 kg/hr, 
Dip = 40,000 kg/hr 


The coefficients c, obtained by using the formulas 
(11), are 


Ci 0.69, C12 = 0.72, C13 Lt 0.31, 

Cy, = 2.6, Cop = —1.6, C23 = 0.0, 

C31 = 0.0, C32 => aa, C33 = 1.0 
and A. = 4.581. 


The coefficients d, calculated from formula (12), are 


dy, = 0.35, di = 0,293, d33 - 0,108, 
dy, = 0.568, dg, = — 0.151, des = 0.176, 
dy, = 1.135, dgg=—0.31, ds3 = — 0.65 


and Ag = 0.218. 


Thus, Ad xX Ac = 1, 
The fact that the product AdAc is equal to one 
verifies the results of the calculation, 


2, The Dynamic Independence of Certain Nonlinear 





Coordinated Control Systems 

A, Possible methods for the control of central power 
station turbines 

The central problem of contemporary turbine control 
is to find methods of increasing the rapidity of action of 
control systems without a corresponding increase in oil- 
pump capacities and a further expansion of the oil-systems, 
The importance of this problem is shown on the one hand 
by the continual decrease in the time of acceleration of 
the turbine rotors and the growth in the control forces 
with the consequent increase in the operating volumes of 
the servomotors and, on the other hand, by the impossibility 
of any further development in the oil-system, which has 
already grown in some cases to abnormal proportions, 











The importance of the problem of increasing the 
rapidity of action is greatest for the turbines in central 
power stations, where oil pumps with limited capacity 
are called on to ensure the supply for a complex control 
system which, for a two-point extraction turbine, contains 
three main servomotors, and where all the difficulties 
are consequently increased, The conditions of dynamic 
independence demand the maintenance of equality of the 
time for the three servomotors [2]. If the operating 
volume for each servomotor is 10 dm’, and the time for 
each servomotor is 0,25 sec (which is usual for condensing 
turbines),then the oil-pump capacity needed to supply 
only the main servomotors amounts to 430 m*/hr, and this 
is practically unattainable, 

In uncoordinated control of two-point extraction 
turbines, the problem is made easier by the fact that 
the control of the pressures, in the separators~in particular, 
of the pressure in the second separator—can be rather 
slow, and the second and third servomotor times can be 
rather large (Fig, 1a), Incoupled independent autonomous 
control, the times of all three servomotors must be equal 
(Fig. 1a3), This is the condition for dynamic independence, 
As was shown in detail by P, E, Boloban in [4], the working 
of statically independent systems is not significantly 
worsened by using servomotors with essentially different 
times,which are used in the case of uncoordinated control 
(Fig, lag), It is shown [4] that such control is sufficiently 
stable, The mutual disturbances of the variables also 
reach significant values, The best results are obtained 
with a solution due to A, V. Shcheglyaev (Fig, 1b), 

Here servomotors with different times are also used, but 
the supply of oil to the servomotors is limited,not by the 
opening in the valves, but by different diaphragms in the 
supply lines, the servomotors being identical, This leads 
to nonlinearity of the servomotors, We will compare the 
possible systems of coordinated control using the same 
over-all oil supply Q, max. In systems with three differ- 
ent servomotors, this quantity is 


V; V2 Vs 
he max = Ft + x + FF 
Cx an 1 sl T 5 T 43 
In’ systems with identical servomotors (Fig, 143, bs), we 
haveQ’ = 1/T, (Vy + Vz + Vs). In order to satisfy 
the condition Qx max = QO, max? We must have 


Vv; V, Vs 1 se 
pit git =e Vit Vet Ms). 
Ve T 69 : T .5 T, P 
Assuming all the servomotors identical, i,e,, Vy + V2= 
= V3, we obtain 





In Fig, 1a, we have taken the following relation 
between the servomotor times: Tg: Tg: Ts, = 1: 3:9. 
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Uncoordinated statically and dynamically dependent control 
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Fig. 1, Possible method of control of central power station turbines, 








In addition 1/T,, + 1/3Tg + 1/9Ty = 3/Ty or 13/9Ty = 
= 3¢1/T.; Ty, = 13/27T,. If we take the times T, for the 
identical servomotors in the system in Fig, 1 to be 1 sec, 
then Tg = 13/27 sec © 0,5 sec, Tsp = 3T gy © 1.5 sec, 

Ts3 © 4.5 sec, These relations are shown in Fig. 1. 

Thus, even a very large difference in the servomotor 
times — in the ratio of 1: 3: 9 — with the same maximum 
oil supply, leads to a decrease in the time of the first 
servomotor of only 50% (0,5 sec instead of 1,0 sec), 
However, the time for the third servomotor increases to 
4,5 times its value, These results are very unsatisfactory, 
and we. are forced to look for other solutions to the 
problem, 

In A, V, Shcheglyaev's method (Fig. 1b.) a higher oil- 
pump output was used than in the first method (Fig 1a,), 
Moreover, A, V, Shcheglyaev's systems, from the point 
of view of stability, are dynamically independent, since 
for small oscillations (small ©) their servomotor times are 
equal, Deviations from dynamic independence occur only 
for large disturbances, and in this case they are signifi- 
cantly large, 

Dynamic independence “in the small" and “in the 
large" in a nonlinear system in which the rapidity of 
action approximates that for a system with instantaneous 
servomotor action,is attained in the method of control 
proposed by the author and described below, In this 
method, a common diaphragm in the supply lines of the 
main servomotors is used, 


B, Coordinated control with a common diaphragm 
in the supply lines of the main servomotors 

Let all three main servomotors of a central power 
station turbinehave identical performances (,e,, identical 
times, identical operating volumes, and identical valves), 
and let the total calculated operating sections of all three 
valves be connected to the common main line supplying 
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all three servomotors, in the shape of a diaphragm (Fig, 1bs), 
the valve cross sections being as great as possible within 
the permissible limits of construction, Since in this case 
the pressures ahead of all three servomotors (the pressure 
beyond the diaphragm) are the same, the times of all 

three servomotors are the same at any given instant of time. 
These times will vary, however, as functions of the total 
opening of all three valves ZO + 0, + O» + Oy, and the 
system is consequently dynamically nonlinear, 


The necessary and sufficient condition for dynamical 
independence in a nonlinear system, as given by L, N, 
Voznesenskii, is the equality of the servomotor times, 

The conditions for dynamic independence of nonlinear 
systems have not yet been considered in general, It can 
be proven, however, that in the case of such nonlinear 
systems, where the servomotor times are functions of p, 

n, and o = n—y, the equality of the times of the corres- 
ponding servomotors at every instant of time will also be 
the condition of dynamic independence, The mode of 
variation of the times as functions of £0, = O,, + Ogy + 

+ Os, is shown in Fig, 2a for various values of the ratio 

& = R;/Ro, where R; is the total resistance of the fully 

open valves (£0 = 3) of all three servomotors (Rj = 1/9 Ry), 
Ro is the resistance of the diaphragm, Ty is the time of 
servomotor for fully open values and no diaphragm 
and Tsx max is the value of T,, for fully open 
valves (0, = 0, = 0,= 1), A decrease in & brings the 
control conditions closer to those of instantaneous operation 
of the servomotors, The smaller a, the greater the extent 
to which the diaphragm becomes the only resistance 
limiting the discharge, since downstream from the valve, 
there only remain functions of the diaphragm activation, 
i,e,, of limiting the discharge through it, 


In Fig, 2b the dependence of the speed of the servo- 
motor and of the oil discharge on Zo is shown for various 


, 


b 
a-0, Instantaneous 


4 Of ty Yi, 
O 


ation 





e 


ZO 


Q3 a6 Q9 2 iS 24 


24 ii 


Fig. 2, Nonlinear servomotor characteristics, 
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values of a, The shaded area represents the unused 
capacity of the oil pump for « = 0,01, The calculation 
of the relations shown in Fig, 2 was carried out for a 
constant maximum oil discharge, 

The advantages of nonlinear control with a common 
diaphragm, as found in the VTI system, are demonstrated 
by the investigation of the transfer process in an APT-12 
turbine, 

C, The dynamic independence of systems with non- 
linear servomotors with a common diaphragm in the 
supply feed line, 

It is known tnat the condition for static independence 
is the static linearity of the machine and static linearity 
of the coupling system, i,e,, the constancy of all the 
transfer functions, I N, Voznesenskii has shown that the 
condition for dynamic independence in a linear system 
is the equality of the servomotor times, This condition 
is obtained under the assumption not only of static, but 
also of dynamic linearity, i,e,, the constancy of the 
dynamic parameters — the times of the machine and of 
the servomotors, In connection with the proposed non- 
linear solution, in which the servomotor times, although 
they are equal one to the other at any instant of time, all 
vary as functions of the sum 0, + 0, + 03, the question 
arises as to whether dynamic independence can exist in 
such a dynamically nonlinear system, and under what 
conditions, In order to answer this question, it is necessary 
to consider the question of dynamic independence in its 
general form, 

It should be noted that the conditions of dynamic 
independence have been obtained up to the present time 
[2, 3] from a consideration of the combined system of 
equations of a closed-loop system, This leads to un- 
necessary complication, All the conditions of dynamic 
independence are localized in series open-loop servo- 
systems, and the appearance of these systems in control 
with power amplification involves these supplementary 
conditions, Not all of the amplification loop of each of 
the separate systems enters these systems, but only a part, 
beginning with the summing element and ending with 
the main servomotor, In them there do not occur either 
the controlled variables, the elements of the amplification 
loops preceding the summing elements, or the distribution 
elements, Therefore, in control without power amplifica- 
tion,no supplementary conditions for dynamic independence 
arise, and static independence is the condition for dynamic 
independence, This occurs because there are no servo- 
systems with newdegrees of freedom included between 
the distributing elements (the regulators in the case con- 
sidered) and the valves (the summing elements here), and 
the valves are controlled directly by the regulators with 
the necessary transmission ratios, In the same way, 
supplementary conditions of dynamic independence would 
also be absent if the main servomotors were the distribu- 
ting elements, This method, although theoretically ideal, 
is unsuitable in practice, since it leads to an excessively 
large weight of the lever coupling mechanism, 
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With the appearance of control with power amplifica- 
tion of servosystems, which are included between the 
distributing elements (not coinciding with the main servo- 
motors) and the valves, only one supplementary condition 
must arise — the servosystems must be arranged so that 
the valves are controlled as before in accordance with the 
necessary transmission ratios, When this condition is 
satisfied, the undistorted transfer of pulses from the regu- 
lators to the servomotors is ensured for the same assigned 
ratios when new degrees of freedom—servomotors of the 
follow-up systems — are introduced, We will consider 
the conditions of such an undistorted transfer, 

Let 14, 19. 13 be the pulse-distributing elements,and 
Hy, Hg, Hs be the pulse-summing elements, In the con- 
sideration of the general case, we will assume that n,, 
Ne, and 1), are,respectively, the arbitrary functions ¢,(t), 
Y(t), and ¢¥,(t) of the time, 

The equations for 4, M2, and Hy are 


T sity + Ur — (ist + dizMe + diss) = 0, 
T sata + Ys — (do1%, + dee + degys) = 90, (13) 
T salts + ps — (dgiq + deo + dys) = 0. 


The times T, are here the above-mentioned function 
of Zo, Let any of the regulators, for example 14, suffer 
a very small displacement, This causes valve displace- 
ments 


As, = di An, 
A% — dy An, (14) 
As; = ds: AM. 


For very small variations of An,, and correspondingly 
small values of Ac ,, AO,, and A0O;, we can assume that 
the pressure beyond the diaphragm is constant, Since the 
pressure in front of all three servomotors is identical 
and equal to the pressure behind the common diaphragm, 
the instantaneous values of the times of all three servo- 
motors Tsyx = Ts9x = Ts3x = Tsxe are also identical, The 
velocity of all three servomotors will be 
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The displacement of all three servomotors during the 
interval of time At will be 
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In each small interval of time, the displacement of 
the servomotors will have the ratios Ap,/Apy = dy/dy = 
= Jers MH y /A Hy = dgy/cyy = jgq, and this ensures the dynamic 
independence, The displacements [Jy, Uy, and Hs of the 
servomotors for the regulator control input 1;,in a finite 
interval of time expressed in terms of the same ratios, 
are obtained by integrating the relations (16): 


41 = Utd = day \ pe dt, 








ts = \ ade = dy, \ 7 dt, (17) 


8x 


ts = \ ad = dg, \ 7 dt. 
8x 

The equality of the times of all three servomotors 
at every instant of time is thus a sufficient condition for 
dynamic independence, The times do not have to be 
constant, but can be arbitrary functions of and n, i.e., 
the system can be dynamically nonlinear, 

A system with a common diaphragm in the supply 
line satisfies these conditions, This system is nonlinear, 
and in it Ty = Tg = Ts3 = £(£0); it isshowever, dynami- 
cally independent of the equality of the servomotor times, 
and is the most direct and radical solution of the problem 
of dynamic independence, If the supply of oil to the 
servomotors is limited by the maximum capacity of the 
pump, this system permits operation with partially open 
servomotors with significantly smaller times than in the 
case of fully open servomotors, In this system, the con- 
stancy of the sum of the velocities of all three servomotors 
is ensured,while the separate velocities are determined 
by the transfer functions, This has,in general,the same 
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advantages as operation in parallel, Thanks to the con- 
stancy of the velocity sum, the peaks in the amount of 

oil necessary for one servomotor are covered by the 
smaller amounts necessary for the others, This also 
guarantees the greatest possible operating speed for a given 
pump capacity, if the dynamic independence is strictly 


preserved, 
D, Transient processes in central power plant turbines 


If the stability conditions of a certain nonlinear 
system could be investigated analytically in closed form, 
then the transient processes occurring in it could be 
determined only by numerical integration at the present 
time, The accuracy of such an integration was verified 
by comparison with the analytic solution, 

In Fig, 3 is shown the transient process in a system 
of coordinated control of a two-point extraction turbine 
with nonlinear servomotors, The continuous curve shows 
the process for the times of the main servomotors Ty max * 
= Te max = Tgs max = 1 Sec. The curve is not drawn 
for the nominal electric load drop (A = 1) (Ny = 12,000 kw), 
since this load was beyond the limits of independent 
control, but for the maximum electric load within the 
limits of independence (A = 0,88), 

The equations of the machine in this case are 


Tard, + Cripey + Crotte + CisH3 = 0; 
Toshe + Cortes + Coote + Coatts = 0; 
Tass + Cayphy + Cgofte + Cgaft3 = 0. 





The equations of the regulators (ideal) are 


HU >= $15 he = he; Ys = 5. 


20 21 23t sec 


Fig. 3, The transient process in the control system of a two-point extraction turbine 


with nonlinear servomotors, 
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The servomotor equations: 


T att + f41 — (irq + dia%e + digs) = 0; 
T salta + Ho — (dorm + deo + dogs) = 0; 
T sats + Us — (dgi% + daa + dggy3) = 0. 


The numerical values of the coefficients Cy? 


1 = 0.69, cy. = 0.72, Cy3 = 0.31, 
C13 = 2.6, C22 == — 1.6, Co3 = 0, 
Ci3 = 0. C33 = 2.0, ¢33 > =~ 1.0. 


The numerical values of the coefficients diy: 


dy = 0.35, diya == 0.293, di3 = 0.108, 
dg; = 0.568, ds, =—0.151, das = 0.176, 
dy; = 1.135, dsg=—0.31, dss = — 0.165. 


The times of the machine: 
T 4, = 817g, = 0.05-6 = 0.3 sec, 


T aq = baT gg ~ 0.1-1.95 = 0.2 sec, 
T a3 = bT gg 0.2-1.95 = 0.4 sec. 


The transient process in Fig, 3 shows a strict static 
and dynamic independence of control in this nonlinear 
system, Because of the application of servomotors with 
large nonlinearities (a = 0,05) which were similar to 
servomotors with constant velocity, the overshoot of the 
number of revolutions was Ay = 0,45 or,in absolute values, 
An = Ad w, = 67.5 rpm, For Ta, = 6 sec and Ts max = 
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= 1,0 sec, Le., for the maximum pump output Qy max = 
= 91 m*/hr, such an overshoot is evidence of quick response, 

The broken curves in Fig, 3 show the drop of the 
same load for T, max = 9.65 sec, which corresponds to 
Qx max = 120 m*/hr, These values were also taken in the 
VTI project, To them corresponds a dynamic overshoot 
of the number of revolutions less than 1%, 

In the coordinated control of several variables, there 
are therefore nonlinear systemsthat use the capacity of the 
oil-pump reasonably fully, and which, relative to the use 
of this capacity, are close to systems with instantaneous 
servomotor actuation, Static and dynamic independence 
are maintained in such systems of coordinated control, It 
must be assumed that in the coordinated control of several 
variables, nonlinear systems must be used in solving the 
problems that arise, 
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ON THE PRINCIPLES OF SYNTHESIZING AUTOMATIC 
SYSTEMS WITH MANY CONTROLLED QUANTITIES 


P. I, Chinaev 


Kiev 
Translated from Avtomatika i Telemekhanika, Vol, 21, No, 6, pp. 761-771, June, 1960 


The paper suggests principles for synthesizing systems with many controlled variables, The basic mathematical 
relationships for combined-type automatic systems are derived in matrix form, 


It is shown that the use of the principles of physical realizability, invariance, and optimality permit one 
to select a controller's operator coefficients (elements of matrices B and C) for multiloop systems, 


Solution of the problem of the complex automation [4], M. Colomb and E, Usdin [5], R. L, Kavanagh [6], and, 


of production is inseparably related to the development in our country, by M. V. Meerov [7], P. V. Bromberg [8], 
of methods for synthesizing systems with many controlled E, L, Baranchuk [9], and others, 
quantities, We now formulate the synthesis problem for systems 
The widespread use of complicated systems for the with many controlled quantities, Let there be a com- 
simultaneous control of several physical quantities is a plicated plant, i,e., a plant in which there flow many 
result of the tendency to get the greatest energy or most processes which are subject to control, We denote by 
economical output from the employment of complicated X14» Xgo + + + » Xp the plant's output coordinates, These 
objects (plants), physical quantities characterize the plant's state, In 


It is convenient, in analyzing and synthesizing systems the general case, two types of stimuli act on the plant, 
with many variables, to use matrix and operational calculi. On the one hand, there are the external, uncontrolled, 
The use of matrix calculus allows one to give the solution stimuli f,, f,,... f n Which disturb the desirable state 


of the synthesis and analysis problems compactly and of the plant and, on the other, the so-called controlling 
elegantly, (regulated) stimuli y;, yo. + + » Yp, by means of which 
The importance of the use of the matrix calculus the disturbed state is reconstituted, With account taken 
for analysis and synthesis of multiloop systems was first of the nomenclature just introduced, we can present the 
asserted, in our country, by V, S, Kulebakin [1] and structure of a complicated plant by the scheme of Fig, 1, 
N, N, Luzin [2] and, abroad, by A, Boksenbom and R, Each of the output controlled coordinates x, can be 
Hood [3], Matrix methods were successfully employed considered as a linear combination of the input quantities: 


in automatic control theory abroad by Ts’ien Sileh-sen 


Ly = Ay Yy + AyeY2 + ~~ + OinYn + Airs + Ayofe +... + lindas 
Le = Ao1Y1 + Gee + ~~~ + GenYn + Moyfs + heoofe +... + Renfns @) 


S © ©.2@.6 €©.4..9 Ot 2 @& O19 2 Ce 8 C2 CSB 2 2 C1. ee Ss Se ee eS eee 


In = Any Yi + AnaYo +--+ + GnnYn + haf + hna}e +...+ Ran}n- 


The quantities ajj and hy are polynomials in the operator D = d/ dt of degree not higher than the second, 
They reflect the effect of the input quantities y; and f; on the corresponding output quantities, 
By using matrix notation, we can write (1) in the form 


X = AY,,+ HF, 











where 
Ty ¥1 fi 433932... ain Ayyhye oes hin | 
9 ¥2 fe 491992 .. + Gy, harhas - - - hon | 
x= HH, Lol |, F=—i., Ao , A= 
™n Yn fn | Gn? no- + +Onn Rayhas: ee Rus 
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Fig. 1. Block schematic of an object with many para- 
meters, A is an operator matrix whose elements charac- 
terize the object's natural motions; H is an operator matrix 
whose elements characterize the transformation of the ex- 
ternal stimuli F to the form X with account taken of A; X, 
Y, F are column matrices whose elements are the coordi- 
nates, respectively, of the controlled (x,), controlling (y.) 
and disturbing (f .) quantities. , 











Since the quantities f ; Vary arbitrarily, one should we obtain 
then expect that, for a definite initial state of the plant X = — ABF— ACX + HF 
and unchanged values of y, (for an unchanged position a 
of the controlling organs), the x; will vary arbitrarily, (E + AC) X = (H— AB) F, ° 
The attempt to obtain a desirable character of the 
variations of quantities x; leads either to an auxiliary where 
transformation of matrix A or to such a preliminary | 10...0]| 
variation of the inputs y; that, with the previous matrix > 04...0 
A, a desirable variation of the x; will be obtained, me | ao. 
Intervention in the structure of matrix A is undesirable, | wwecee 
since the plant ordinarily presents itself as an invariable : 
system element, Equation (4) is the generalization of an ordinary 
Consequently, there remains one possibility, namely, differential equation for a single-loop automatic system 
to introduce controlling stimuli (the coordinates y;) by to the case of a multiloop system of the combined type 
such laws that the resulting x, will be desirable, In other (48 2). f 
words, instead of the plant matrix A, one must find a For a multiloop servosystem (Fig. 3), Eq, (4) will 
system matrix W which includes A(AC W) such that the have the form 
previous inputs yj and f i will result in a desirable temporal (E + AC) X = ACG (5) : 
variation of the quantities x;, 
We denote the controller matrices by B and C, Then, or 


the controlling action of the controller on the plant can 


(E + AC) X = ACG + HF, 
be written in the form 


For a multiloop stabilization system (B = O) (Fig, 4): 


Yreg = BF + CX, (2) (E + AC) X = HF, (6) 
where All our further discussion will have to do with systems 
bb b of the combined type, cr 
a “1rtas «++ Cin If the inverse matrix (E + AC)™ exists, then it 
barb b Ce -@ 
OS Gegeaie EF) pea X = (E + AC)! (H— AB) F oe 
bas ons: a Cay ng: * Cnn or X = WF, ce 
lir 
where te 
The comparison condition for the required controlling W = (E + AC)" (H— AB). (7) lir 
stimulus of the object (plant) Yop and the intended Yreg From the synthesis point of view, the matrices A, H, 


" F, and X are given, and the matrices B and C are unknowt 


Since there are two unknowns and only one equation, 
¥ = Yob =~ Yreg (3) it is necessary to find an additional condition relating 
the coefficients of matrices A, B, C, H, F, and X, Such 
which is simultaneously the condition for a closed system, | conditions can be found on the basis of the following 
Therefore, the definitive equations for thecomplicated principles: the principle of realizability, the principle 
plant can be written in the form of invariance, and the principle of optimality, 
We first explain the essential points of these 


Xe SY + HF, ¥ «~ BP CX, (4) principles, and then go on to show how it is practical 
By multiplying the second equation on the left by to use them for obtaining the required additional relation 
matrix A and then substituting into the first equation, ships between B, C, A, H, F, and X, 
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Fig, 2. Block schematic of a multiloop 
combined system, A, H, F, X, Y are 
the same as in Fig, 1; B is an operator 
matrix whose elements implement the 
transformation of F to Y (the controller 
matrix for disturbances); C is an opera- 
tor matrix whose elements implement 
the transformation of the deviations X 
to CX (controller matrix for deviations); 
x° is a column matrix whose elements 
are the nominal output coordinates CX, 
><] is the symbol for summation of the 
controlling stimuli; @ - is the symbol 
for summation of the output coordinates 
and their nominal values, 








C(6-A) 


Fig, 3, Block schematic of a 
multiloop servosystem, A, H, 











C, X, Y, F are the same as in - 
Figs, 1 and 2; G is a column Fig. 4, Block schematic of a 
matrix whose elements are the multiloop stabilization system, 
coordinates of the controlling A, H, C, X, ¥; x® are the same 
actions on the system, as on Fig, 2, 
4): 
ems We turn first to the principle of realizability, In From the mathematical point of view, the realiza- 
creating a controller, the designer must be certain that bility condition is equivalent to the existence of the 
it is possible to realize such a controller, First, there inverse matrix (E + acy}, To find the inverse matrix, 
must be certainty that the controller is capable of we can use the efficient methods of matrix theory [10, 
functioning in general and, second, there must be 11). Thus, for example, the bordering method [12] is 
certainty that the controller can operate within given very convenient, According to this method, the nth- 
limits under the conditions of physical realizability order inverse matrix M," = (E+AC)™! is found in 
(conditions of stability, speed limitations, overload terms of the f-1)th-order inverse matrix Mo and the 
) limitations), coefficients of the original matrix My): 
% Ma) 4 Ma n—1?n—1 Ma -) M,, -"n—1 
own, n—1 a , e 
—j n n 
on, Mn = v, M—} 
—_ wl 2—I1 : 4 (8) 
h “n oy 
‘ Here, up., and vp., are(n-1)th-order columns and rows in the original matrix: 
| MyyMy2-.. My, | 
itis (E 4 AC) a Maiq... My, 
‘ion A 
{| May ™no++:™an 
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Min 


n—i1,n 


The synthesis problem is easily solved if one has 


prior knowledge of the optimal matrix — the transformer 


Ln = 


’ Vn-1 = [nj Mno. ee Mn, a—als 


(9) 


= 
Mann — Va—.Ma_Ua-1- 


of system W® or the corresponding matrix W* of the 
operator equation with optimal matrices — with the 


coefficients 


(P+ 40" + 2p * +...4 4.04 4)2 = 
= (BjD" + BD" +...+ Bi) F, 


(lg: Mls s0's¢ Migs Migs Me « 


In this case, the condition for the existence of the 
solution X 


(E + AC) (E+ AC) =1E 
and the condition 
(E + AC)" (H— AB) = W® 


are sufficient for the determination of the coefficients 
of matrices B and C; 2 is some constant which does not 
depend on D = d/dt. 


Frequently, however, the optimal matrix W® is not 


known, Besides, the mathematical solution X may not 


lie within the same limits as those given by technological 


conditions (the conditions of physical realizability), 
A,X, + 0(DX), + 
A,X, + Ay(DX). + 


An—1Xq + An—2 (DX)q + 


In conditions (11), Xp = Xg(—0). 

For the compensation of jumps in the external dis- 
turbance F = E, it is necessary, in addition, to give the 
initial value of the solution 


A(t) = 2) (fei (t) — fea, (QU E(t — ky) = 4, 2,--., 2), 


k=0 


where E(t) is a unit step function, m is the number of seg- 


ments of the linear approximation of f(t),and T is the 
length of these segments, 

The representation of any analytic function in the 
form of (13) is given in [16]. 

If, instead of f A?) and E(t—kT ;), we consider the 
matrices, then the expression 


532 


(10) 


.., By donot depend on D = d/dt). 


For finding the relationship from the condition of 
physical realizability, it is suggested that one use the 
equivalence theorem [13, 14], If 

(ApD" + AyD" +... 4A,.,D+A,) X= 
= (B)D" + B,D" * +... +B,)F 


(10°) 

and F = E,but the initial conditions are (D'X), = 0, then 

it is equivalent to seek the solution for the equation 
(ApD" + AyD"? +... + Ap-yD + A,)X = 0 


with the initial conditions which satisfy the following 
system of inhomogeneous algebraic equations: 


oo OU 2, ow — BR, 


..e +0(D*"X), = —B,, 


11 
.. + A, (D”*X), = — Ba-1. ae 


a an 
X (+ 0) Ay Bo: (12) 
Conditions (11) can be extended to the more general 


law of variation f [15], specifically, 


(13) 


F = Sita) —feas@E(t—ke) 
k=0 


is an approximate expansion of the arbitrary vector 
function F(t) in terms of unit step disturbances, Then, 
the equivalent initial conditions will be found as the 





9) 


0") 


en 


12) 


eral 


13) 


(14) 


ly 





solution of the following system of inhomogeneous equations: 


A,X, -}- 0(DX), + ee 


.+0(D""X), = 


= — Boo, + Bio, — Bao, +... + (—1)°*"B,o,, 


AX, + Ay (DX,) +-- 


. -}- 0(D""*X), = 


espace Bo, + Bye, — Byo, +... +- (—1)"*"B. 419, 
A,X + A; (DX), + A, (D*X), +... +0(D"*X), = 
= — Bo, + By, —... + (—1) "Borde 


4 2.8. & €@ 2.9 22.2 a 6: 6S 


(15) 


An—sXo+ An—s (DX),+ ...-+ A, (D” *X), + 0(D** X), = 
= — By_.9, + Bayo, — Bneo, 
An—1X9+ An—s (DX)o-+ ... + Ag (D” *X), = — Ba—19 + Bao, 
X (4-0) = — An Bravo, 


where 


P m 
= 


Op = — DIK (fe — fra) @ =0, 1,2... 7). 
k=0 


It ordinarily suffices to limit oneself to the case 
when r= 2, In addition to conditions (15), the following 
conditions, defining the accuracy € of the equivalent 
substitution, must be observed: 


—_ By ae Bo, a eee bE (—1)°B,_1¢, < 8, 


ee 6 72 © & © @ 6: & Ce peeeaes) ie te 6. 6 


(—1)""B,o.—-1 + (—1)’Byo, <K Fs-1; 
(—1)*"Boo, < &. 


Each of the quantities €;, €,,..., €, must be 
chosen less than the quantity €, which depends on the 
initial equation and on the form of F(t). 

Thus, thanks to (15), one can, with the condition 
that lE + Ac} #0, establish the relationships between 
the initial conditions of the solution (D()x), (i= 0,1,..., 
n=l) and the coefficient matrices Ap, Ay,...» An-; 
and Bo, By, . . « » Bn-y of, what amounts to the same thing, 
between the elements of the known and unknown matrices, 
A, B, C, and H, 

For brevity, we write the equivalence conditions (15) 
in the form 

(DMX), = %; (A, B, C, H,2) an 
(i=0,1,2,...,m-l) 


By the conditions of physical realizability, the initial 
values Xp and their derivatives (D“)x) (i= 1,2,..., 
n=1) are bounded (for example, the accelerations are 
bounded by conditions of reliability, etc,» 


%; (A, B, C, H, 0) = Ny (18) 


Conditions (18) can be taken as auxiliary limitations 
on the choice of B and C, Limitations on the coefficients 
of matrices B and C from the condition of required quality 
can be obtained on the basis of the two other principles: 
the principle of invariance and the principle of optimality, 
We consider in detail the principle of invariance [17]. 

Following V. S, Kulebakin, we shall distinguish two 
forms of invariance: absolute and selective (autonomous) 
[18]. 

In the first case, the controlled quantity X will be 
unchanged under any arbitrary stimuli F(f;, f,,..., f n* 
This means that 


H— AB ® 0, (19) 
Equation (19) can hold if 


1)H# 0, AB#=0, 
2) (H~— AB) = 0, 


The condition H = 0 means that F is not applied 
directly to the plant, 
The condition that AB = 0 holds if 


Q;,byp + 2p + le a OsnOnp = (, 
A2,bip+ Aggbep+ + + » + Agndnp = 0, 


Any Oyp + Ang bop + ate AnnOnp = 0 


for allp=1,2,...,M. 

For | Al # 0, all the b,, = 0, ie, the controller is 
also insulated from the external disturbances (the trivial 
case), 

The case when | Al = 0 gives the possibility of ob- 
taining a system which is invariant with respect to F for 
bij #0, 

If the determinant | Al of the plant matrix equals 
zero, this means that there is a linear relationship between 
the rows (or columns), But, since a relationship of the 
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rows (or columns) corresponds to a relationship between 
the processes in the plant, then this latter fact means that 
there is the possibility of an internal compensation of the 
external disturbances (by virtue of the properties of the 
plant itself), 

It is possible to create a complicated plant in which 
each natural process is exactly simulated, Then, the 
tows of the determinant | Al will always be proportional, 
The model (simulated processes) can be so constructed 
that the processes in it will flow significantly faster than 
in the natural plant, Therefore, before the plant reacts 
to changes of the external conditions, there will be 
developed, thanks to the speed of the model, the necessary 
reconstitution of the stimuli to the plant to compensate 
the applied disturbances, so that the plant's state, charac- 
terized by the coordinates x;(t), can remain unchanged, 
However, with this, the stimuli do not act directly on the 
plant (H = 0), 

Case 2 refers to the generally known case of external 
disturbance compensation [17], 

A controller with matrix B must be so chosen that the 
following conditions are met: 


Ay bip + Aybep Te°*+ AinOnp = hy, (20) 
Aabyp+ Agabep + + + + + Aanbap = hep, 


Any byp + Ang bey +++. Annbnp = Rnp (p = 1, 2,... m). 


From this, with the condition | Al # 0, there are 
determined all the elements of the projected controller 
B which measures the external disturbances, The elements 
of controller C (which measures the deviations of controlled 
quantity X) are found from condition (10), The case of 
invariance considered above refers to the case when there 
is no a priori information as to F, It is obtained by means 
of controllers B and C, both by direct measurements (by 
controller B) and by indirect (by controller C) (by means 
of a preliminary deviation of the controlled quantity), 


The choice of the controller parameters on the basis 
of the invariance principle can be significantly eased if 
there is information as to F, For example, if it is known 
that F is the solution of some homogeneous equation 
K(D)F = 0, where K(D) — the Kulebakin operator [13] — 
enters into operator Eq, (10). 

From this there follows the practical approach to 
setting up auxiliary limitations on the coefficients of 
matrices A, B, C, and H, 

From the known F there is found the K(D) representa- 
tion (or the corresponding matrix K), The right member 
of Eq, (4) or Eq, (10) takes the form 


(H— AB) = KL (21) by the following formulas: 
_ 4, (D) A, (D) A; (D) | 
“1 = 5, oy’ ea." ** enn = —,— = A, (D), (24) 
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- B,D" + B,D"! + + Bp-;D +B, = 
0 1 eee Nne-i n (22) 


= K(D)(LpD" + L,D™ 1 +... + Lm) 


The matrix L or the operator L{D) are so chosen that 


the order of matrix KL will equal the order of the original }} 


matrix (H— AB), If the operator K(D) has order n then, 
obviously, L = constant, and the matrix L can be taken as 
a diagonal matrix with constant coefficients, 

Finally, one may use the criterion of absolute invar- 
iance, presented in [18], 

As applied to system (4), this takes the form: the 
necessary and sufficient condition that the system's first 
unknown function x; be independent of any analytic 
function f, consists in the identical vanishing of the 
minor 44). 

Consequently, each of the unknown x; will be in- 
variant with respect to f j if the corresponding minors 
44j equal zero identically, By equating these minors A, 
to zero, we obtain the additional limitations on the co- 
efficients of matrices B and C, 

The condition of absolute invariance is implemented 
with difficulty, so that one frequently limits oneself to the 
condition of selective invariance, In [4] and [19] this was 
formulated as the criterion of autonomy, In almost all 
systems with many variables, there is a reciprocal effect 
on the control loops via the plant, These so-called naturdl 
connections, caused by the interactions between the 
physical processes, can have an adverse effect on the 
dyanmic properties of the system as a whole, 

Selective invariance supposes that each system output 
x, reacts only to “its” input f;, Mathematically, this 
means that the system's matrix operator W must have the 
diagonal form, As was shown in works [2, 10, 11], any 
nonsingular matrix operator W can be transformed to the 
Hermite triangular form by being multiplied left or right 
by some matrix S, The matrix S possesses the property 
that its determinant is not identically zero and does not 
depend on D= d/dt, By successively carrying out elemer 
tary transformations on the rows, we can take the matrix W 
to the form where all the elements below the diagonal 
are zero, and if we apply, to the already transformed 
matrix, a succession of elementary operations on the 
columns, we shall finally obtain a matrix with only its 
diagonal elements different from zero, 

Thus, we present the original matrix W in the form 


W = SE(D)T. (23) 


Matrices S and T are called transforming matrices, 
They are triangular matrices whose determinants do not 
equal zero and do not depend on D, 

The diagonal elements of the matrix E(D) are defined 
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where Ay is the greatest common divisor of the rth-order 
minors, 

If we impose the requirement that all nondiagonal 
elements of matrices S and T be zero, then this will 


|} Wyytlyo. . . ( Sy18}0-..- Sin 





WaiWo2. . . W, 








. ’ 
W ny"! ne'*° 


and by carrying out the multiplications on the right side, 
and then setting up the equations Wij = Sijeijt ji Of the 
matrix elements, we obtain the additional necessary 
conditions for determining B and C, 

If, further, the requirements are also imposed that 
all the 85; (j # i) and T,.,. (k # r) equal zero, then this 
will also mean the possibility of autonomous control. 

Finally, we consider the third principle — the principle 
of optimality, 

The fact of the matter is that one does not succeed 
in establishing an explicit relationship between the de- 
sirable variations of the x, and the coefficients of 
matrices Aj and B; (i= 0,1,...,m), Therefore, the 


i 


mean the holding of the criterion of selective invariance, 
The criterion of autonomy [4] flows from this as a particu - 
lar case, 

By writing matrix Eq, (23) in expanded form: 





ei 0 a 0 ] | Ti 0 eee 0 1] 

0 Cag. « « 0 } | Ta Tee 0 

° ¢ . ] 1 whe © & os . (25) 
— a + 4's © «4 | 

ees » Cin ] | Tna™ne Tne || 


| 
} 


optimality condition denotes the best approximation of 
the solution X being sought to some optimal X*, chosen 
from the condition of least dynamic error and least dura- 
tion of the transient response in the integral sense, As a 
criterion of optimality, one can take the minimum mean 
square error for the multiloop system €* = min, This case 
was considered in detail in [5, 9], This last method re- 
quires that F(F,, sno wee n) be considered as stationary 
random functions of time, 

We consider optimality in the integral sense, We 
place on X the additional requirement of 2n-fold differ- 
entiability, We write the system of n homogeneous 
equations for X: 


XAJ"X 4+- XA, RK +... + XAg DX + BA eG, 
DX A,D™X + DX A,;D°-"X +... + DXA,_,DX + DXA,X = 0, 


(26) 


DP -* x A DX + DPA DX +... + Or A. DEAS oS. 


We consider the homogeneous equation AyD()x + 
+ A,D-1) x +... +An-, DX + A, = 0 instead of the 
original Eq, (10°), so that, on the basis of the equivalence 
theorem, we can obtain a close solution from the left 
member of (10°) if the initial conditions are taken to be 
nonzero (equivalent) [cf, (15)]. 

By integrating this system by parts between the limits 
of zero and infinity, we obtain a new inhomogeneous 
system of scalar equations where, as the variables, we 
consider the integral estimates [20] of the form 

co 


I,= | (xX)'dt, I, = 


0 
co 


=\(DX)idt,..., Ina =)\(D Xprat. 
0 


0 














yA, —A,_,...0 I, 
0 A,_, 0 I; 
0 —hern MX. 
ee a 
0 0 Ay Int 








This system establishes the connections I; (i = 0, 
1,... , m=1) among the equivalent initial conditions 
(Dix) (i= 0, 1,..., m-1), the boundary conditions (at 
infinity) (D“)x)o (i= 0, 1,..., n-1),and the matrix 
coefficient Aj, By (i= 0, 1,..., m=1) or, what amounts 
to the same thing, the coefficientsof matrices A, B, C, 
H and oO, 


Since (D™!)x),, in its turn, is also expressed in terms 
of A, B, C, H, and 0 (17), and all the (Dx) ., = 0 (i=1, 
Qe oe, M-1) (condition for a stable process) and (X),, 
is given as the new steady-state condition of the system 
from the static calculations of the system, then Eqs, (26), 
after integration, can be put in the form 


— ||G(A, B, C, H, 9) (27) 
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The determinant of the characteristic matrix is | E+ 
+ AC| # 0 (by the Hurwitz condition), so that system (27) 
is solvable for the I;. If we now impose on the I; or on 
their combinations the requirement that they have minimal 


value [20-22], we then obtain the relationship sought for 
co 


\ (aor (X)? + a: (7,DX)? +. 


= (A, B,C, H, o) 


Then. the minimum of the functionals will be found 
by solving the Euler-Lagrange equations, 


The parameters A,B*,C*, H, o which satisfy the 
optimality condition 


min v7 (A, B, C, H, 9), (29) 


will also be sought, 


Thus, based on the use of the three principles presented 
for the synthesis of automatic systems with many variables, 
we obtain relationships from which we find the optimal 
coefficients of the controller matrices B and C: 


the realizability condition 

(E + AC) (E+ AC) =1E, 
the condition of physical realizability 

(DO x) = &; (A, B, C, H, ) = Nj, 
the Kulebakin invariance condition 
(H— AB) = KL, 
the absolute invariance condition 
Ajj = 0, H = 0, AB = 0, (H— AB)= 0, (30) 


the selective invariance condition (autonomy 
criterion) 


w = SE(D)T, 4; = 15) =0 (iF i), 
the optimality condition 
(E + AC) (H—- AB) = W*, 
the optimality condition by the mean square estimate 
€= min, 
the optimality condition in the integral sense 
¥ (A, B, C, H, 9) = min, 


For systems with many variables, satisfying these 
relationships presents large computational difficulties, 
However, if they are reduced to programs for high-speed 
computers, which permit a large number of computations 
to be made, then the problem of synthesizing systems with 
many variables will be solved without a great deal of work, 
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. + Ayr—y, i(T 


the choice of the coefficients for the controllers of the 
multiloop system, 


Let I; = (A, B, C, H, 9). We set up the linear 
combinations of the integral estimates: 


r—1 
r—1 


D°-» xy} dt = 


(lL=0, 1, 2...., P). (28) 
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A METHOD FOR OBTAINING TRANSFER 





FUNC TIONS OF AUTOMATIC CONTROL SYSTEMS 
OPERATING ON ALTERNATING CURRENT 


N. P. Vlasov 
Gor*kii 


Translated from Avtomatika i Telemekhanika, Vol, 21, No, 6, pp, 772-778, June, 1960 


A general method is suggested for obtaining transfer functions of automatic control systems operating on ac, 
where the systems are described by linear differential equations with periodic coefficients, The limitations which 
are thereby imposed on the systems are established, The transfer functions are obtained for several devices, and 


methods for simplifying them are cited, 


In systems operating on ac, the amplitude-modulated 
oscillations obtained in the modulator pass along the 
control loop and are applied to a phase detector which 
separates out the modulating function, 

Thus far, the literature has contained no method that 
would apply without limitation to all systems operating 
on ac which are described by linear differential equations 
with periodic coefficients, Below, we present a method 
which allows the problem posed to be solved, 


1, Transfer Function of a Linear Passive Quadripole 
Connected between an Ideal Modulator and an Ideal 
Phase Detector 

We consider a segment of circuitry (Fig, 1) consisting 
of an ideal modulator M, a linear passive quadripole and 
an ideal phase detector D. 














a. 
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Mi U; y Uy |D 





























Fig, 1, 


Let x(t) be the function at the input of the ideal 
modulator, which multiplies x(t) by cos(w ot + ¢), At 
the modulator output we obtain 


u(t) = x(t) cos(Wot + %). (1) 


Let uy(t) be the function at the linear quadripole's 
output and the ideal phase detector's input, The ideal 
phase detector multiplies the function uy(t) by cos(Wot + 
+). At the phase detector’s output we shall have 


(2) 


Equations (1) and (2) can be considered as linear 
equations with periodic coefficients, The quadripole 
in the circuit is linear and, consequently, is described 
by linear differential equations, Thus, the entire system 
under consideration is described by linear differential 
equations with periodic coefficients, 


u(t) = u(t) COS(Wot + P). 
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The Laplace transform of the quadripole's equation 
has the form 


Uy(p) = ¥(p) Ux(p). (3) 
Here, Y(p) is the quadripole's transfer function, 
The transforms of Eqs, (1) and (2) are 
U,(p) = 41X(p— jwp)el? + X(p + jwyye™!*}, (4) 

Ug(p) = 4 [Uy(p— jup)el¥ + Uy(p + jupeJ¥}, (5) 


By substituting U,(p) from Eq, (4) in Eq, (3), and 
then substituting Uy(P) from Eq, (3) in Eq. (5), we obtain 
the following expression for the Laplace transform Ug(p): 


Ug(p) = 4 (p — joy) e§ [X (p — j209) ef” + 


-} xX (p) ei?) oY Y (p - jp) e—ie [X (p) ei? de (6) 


+X (p + 2p) e~i*}}. 


The terms X(p-j2W,) and X(p + j2W,) are the trans- 
forms of the function x(t), modulated at twice the carrier 
frequency, We shall assume that the phase detector con- 
tains low-frequency filters which do not pass oscillations 
modulated at twice the carrier frequency, We therefore 
discard these terms, and rewrite Eq, (6) in the form 


Ug(P)= GW (p— joe + 
+ ¥(p + jw) e+) X (p). "= 


We now formulate the conditions whose holding per- 
mits the terms X(p=j2W 9) and X(p + j2W») to be discarded, 

Let the function Y(p) be represented as the quotient 
of polynomials 


2 


We shall assume that the polynomials Fy(p) and F,(p) 
have no common factors, and that the degree of poly- 

















nomial F,(p) is not lower than the degree of polynomial 
F,(p). Then, ifnone of the complex conjugate roots of 
polynomial F,(p) has a frequency close, or equal, to the 
carrier frequency, the aforementioned terms may be 
_ discarded, 

For the transfer function of the segment of circuitry 
under consideration,we shall have 

Yo (py =: 2) = Ly ‘w,) ei (9-9) 

g(p) = i x | (p — ]@)e + 


, (8) 
+ Y(p -+ ja) ei}, 


We note that Y,(p) is a function of the operator p 
with real coefficients, since it is the sum of two complex 
conjugate expressions, 

We now change the argument of the function 
Y,(p) to S = p/W», and we set ¥— y - 5, Then, 


¥Q(s) = + [¥(s— jel + ¥(s + jye7J5}, (9) 


The transfer function defined by Eqs, (8) and (9) 
depends, in the general case, on the frequency of the 
generator which supplies the modulator and the phase 
detector, Let the quadripole be designed to operate for 
some definite carrier frequency Wp», while the generator 
supplying the modulator and the phase detector has the 
frequency W,, In this case, the transfer function of the 
series of links of Fig, 1, instead of (8), is given by 


i . , 
Y,(p) = 7 IY (p — jug) e} + 


(10) 
-t. Y(p -}- ]® 9) e—iv—9)}, 


We introduce the parameter A = w,/W, 


By making the transition to the operator s in Eq, (10), 


we obtain, instead of (9), the transfer function 


Yp(s, A) =4 ry(s— jAjel5 + ¥(s + jAye"I5}, (11) 


Y,(s) = [s? (s® + 4) + 5 (ky + ke) (s* + 2) + kyke (s* + 1)] cost + 5? (kg — ky) sind 
g ae ° 


Formula (11) allows one to establish how the transfer 
function changes as the carrier and generator frequencies 
move apart, 


2, Application of Formulas (8)-(11) to a Differentiating 





Quadripole, and Some Deductions from the Theory 





In ac servosystems, the quadripole whose circuit is 
shown on Fig, 2 is used as a differentiating loop, The 














transfer function of such a quadripole can be written in 
the following way (bearing in mind that the filters on 
Fig, 2 are symmetric): 


2 + ky@op + oF 





P 
Y =: 
(P) p? + kewop + «* 


(12) 

In order to obtain from Y(p) the transfer function for 
the modulating oscillation, we use the formulas for the 
approximate transformation of (12): 


i , 
Zp (P* + @%) =P - 


(13) 
By using formula (13), we obtain the following ex- 


pression for the transfer function of the differentiating 
quadripole’s modulating oscillation: 


y — 2p + kywo am 2s +h 
2s + hy 





; 14 
2p + keWo ( ) 


For such a quadripole, we find the transfer function 
Yg(s) by means of formula (9): 





2 [s? (s? + 4) + 2skg (s* + 2) + ke (s? + 1)] 


(15) 





We set s* « 1, The meaning of this inequality is very simple, It is known, from Laplace transform theory, 
that there exists a certain region of values of the parameter p on the complex variable plane for which there is 
a one-to-one correspondence between the original time domain function and its transform, The inequality 
? « 1 isolates, in this region, some subregion in which the approximate function Yg(s) can be used, For 6 = 0, 
this approximate function has the form 


1 (2s =o ky) 


Ye(s) => Gerke) 


(16) 


The function Yg(s) coincides to within a factor of 1/2 with (14). The factor 1/ 2 is the transfer factor of 
an ideal modulator and an ideal phase detector, 

We now compute the differentiating quadripole’s transfer function for deviations of the carrier from the 
generator frequency, 


539 








By using formula (11), we obtain 


Y, (s) = : +l + 5 (ky + ka) (s® + A2+1)+Ayke (s* +A?)] cos 8 + (kg —hy) A (s?+A*®— 1) sin :. 








(17) 
[¢ + 2sks (s* + * + 1) + KF (s? + A] 
where 
c = s*(s? + 2A? + 2) + (A? - 1)", 
By setting A= 1+ yu, u® « 1 and « 1, we find the approximate transfer function 
Y,(s) = + [4s* (4 + p) + 2s (ky + hg) (1 + p) + Agha (1 + 2p)] cosd + 2 (ks — ki) p sine (18) 


[4s? (41 + 2) + 4sky (1 +.) + AE (1 + 2p)) 


Computations showed that, for s = 0,3, the transfer functions computed by formulas (15) and (16) were 
sufficiently close, 

Analogous results were provided by calculations with formulas (17) and (18) for u = + 0,1, The curves con- 
structed from formulas (17) and (18) are analogous to those given in [1]. 

With certain assumptions [3], the following function is found at theSelsyn modulator's output: 


Ux (t) = Um (x(t) cos (wot + $) + = — = sin (wot + ¢)]. (19) 


For the transfer function of the circuit segment consisting of a modulator, a linear quadripole and a phase 
detector, we obtain 


Y,(s) = ™ js —)¥(s— /e®@—(s + /)¥ (8 +e). (20) 


Let the quadripole in the circuit under consideration be inertialess with gain Y(s) = ky. We may then write 


Y,(s) = —- 5 ko (cos 6 +-s sin 8). (21) 


In this case, for the proper choice of phase angles ¢ and y, the circuit under consideration is equivalent to 
a differentiating link [3]. 

We derive still one more conclusion from the results obtained, 

In the circuit segment between the modulator and the phase detector, let there be connected in series two 
directed links, with transfer functions Y;(p) and Y,(p). By using the method presented, we obtain the transfer 
function for the modulating oscillation in the form 


Y, (s) = +m (s — j)Ya(s — j)e® + Yi (s + /)¥a(s + e-*1. (22) 


Suppose the transfer functions Y*, and Y*, for both links can be found by a transformation using operation (13). 
If one forms the function Y* = Y*;Y"*,, this function will obviously not be equivalent to function (22), Since it is 
necessary to have modulators and phase detectors in servo and automatic control systems operating on ac, it is 
then obviously impossible to seek the circuit's transfer function for the modulating oscillation by transforming 
each link separately in accordance with formula (13); the circuit as a whole must be transformed, 


3, Servosystem with a Two-Phase Asynchronous Motor 
We now consider a servosystem in which the phase detector is a two-phase asynchronous motor, We find the 
system's transfer function, and answer the question as to whether it is possible to transform the circuit links con- 





















































nected in the control loop separately from the phase detector, the asynchronous motor, This is frequently the 
method employed in investigating this system, The servosystem’s schematic is shown in Fig, 3, We now write 
the system's equations: 
the equation of the differential 
64-2 = x(t), (23) 


the equation of the ideal modulator 


Ux(t) = x(t)U,,, Cos(Wot + ¥), (24) 


the transformed equation of the quadripole 


Uy(P) = ¥(p)U,(p), (25) 
the equation of motor rotation 
d?6 
Jaa =M Mt)—M, (0), (26) 


where 


d0, 


Me (t) = | atta — doy — F2 (46 + 48 )] - (27) 





Here, ~, and #, are the stator winding flux linkages, r is the rotor resistance, Uy = dy 2/dt, u, = dp,,/ dt; 


Us, = Usrp Sin(Wot + ¥), (28) 


is the voltage on the stator*s second winding, 
We assume that 


M,(t) = k d@,/dt, (29) 
We also assume, as is frequently done, that 
2 
vi, <4 
and discard the v in the right member of Eq. (27). Then, Eqs, (23)-(26) which describe the scheme will be linear 
equations with periodic coefficients, Equation (25) is written for the Laplace transformed equation, We apply 
the Laplace transform to the other equations just enumerated, By solving the transformed equations for ©,(p) 


and then discarding the terms for twice the carrier frequency, we obtain the following expression for the transfer 
function, written in terms of the operator s: 








X(s) Tos (Tys + 1) 


s§ —- 








G(s) et. k -- i Y (s—j)e® + are Y (s+ /) e*| . (30) 


Here, T, and T, are dimensionless constants, 
Let the quadripole in the circuit be inertialess, with gain ky, Then, instead of (30), we shall have 


8.(s)  —-2ko [(s* + 2) cosB + ssin 8] 
X (s) T 9s (738 + 1) (s® + 4) , (31) 





In the system considered, the asynchronous motor is the sole link with an operator transfer factor, A 
formula analogous to (31) was obtained by L M, Sadovskii [4]. 

The transfer function is simplified still further if we set 5 = 0 and * « 1, 

Then, 


®, (s) sii — ’ (32) 
X(s) 72s (Tys + 4) 

In this form, the transfer function of the asynchronous motor is used in many works (for example, in [5]). 

It follows from expressions (30) and (31) that it is impossible to present the system's transfer function as the 
product of the transfer functions of the quadripole and the asynchronous two-phase motor, 








- 














4, Servosystem with a Single-Phase Commutator Motor 

1, Control is effected on the side of the excitation winding (Fig. 4). Such a system was investigated by 
E, L, Chernov, and the transfer function was obtained for it by means of a very cumbersome mathematical appara- 
tus (integration by means of infinite series) with rigid limitations (the action of unit input functions and a simp- 
lified transfer function of the differentiating quadripole were considered) [6]. We now write the system's 
equations, As the equations for the differential, modulator and quadripole, we use Eqs, (23), (24) and (25), 
respectively, 

The equation of the excitation winding circuit is 








l 


di 
= L—, 
uy(t) ir + at (33) 
the equation of the armature circuit 
di 10. 
eA > a | ee & 2 34 
u(t) = iar, -|- Le a Ci = s (34) 
the equation of armature rotation 
a’?0 - 
sa = Cit — M, (t). (35) 


It was assumed in [6] that the two last terms in the right member of Eq. (34) are small, We shall make the 
assumption that the last term, which makes the equation nonlinear,is small, With this condition, if u(t) is a 
sinusoidal function of time, then i,(t) is also a sinusoidal function, 

We set ‘ 


ig = Im COS(Wot + v) (36) 
and take Eq, (29) for M(t). 


By transferring to the transforms of these equations and then solving them for ©,(p), dropping the terms 
modulated by twice the carrier frequency, we obtain the following equation for the transfer function: 





Os (s) _ f | Y(s--jpe* _ ¥(s + fpe~* 
Xi) Ts(s+t Li+T,e—) 1+7T @4n)° (37) 
Here T;, T, and T, are dimensionless constants, 

No limitations are placed on either the signal or the quadripole's transfer function in formula (37), 














Fig, 5, 
2. System with control on the armature side (Fig, 5), We again make use of Eqs, (23)-(25), and we write 
the motor equations as follows; 
the equation of the armature circuit 





; di . dO 
Wy (t) = ira + Las + Cin, (38) 
the equation of armature rotation 
d*6. - . 
J ry = Cipi — M, (t). (39) 


542 





an 


t 
s 
¢ 
t 
: 
( 




















We take 


ib = Ip COMWet + ¥), (40) 


and we use Eq, (29) for M,(t). 
By transferring to the transforms of these equations and then solving them for ©,(p), dropping the terms 
modulated by twice the carrier frequency, we obtain the following expression for the transfer function: 


G(s) _ 1 YO—NIT S++ Me +¥ +N ITes—1) + 1e* 
X (s) 2 T 8 kn (T m8 + 1) (748 + 1)? + T2] + 748+ 1} . 





(41) 


There is no difficulty in obtaining the transfer function for servosystems with feedback, for systems stabilized 
by differentiating quadripoles, etc, The necessary condition remains the linearity of the equations which describe 
the system, 
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DETERMINATION OF DYNAMIC CHARACTERISTICS OF CHEMICAL 
ENGINEERING APPARATUS AS WELL AS THE RELEVANT CRITERIA 
OF PERSISTENCE AND CONTROLLABILITY 


B. N. Devyatov 


Novosibirsk 
Translated from Avtomatika i Telemekhanika, Vol, 21, No, 6, pp. 779-790, June, 1960 


Nonstationary processes in moving media are considered from the point of view of the control problem for a broad 
class of technological apparatus operating on the counterflow principle, 


The criteria of persistence and controllability of continuous processes in moving media are defined with the 
aim of explaining their dependence on the apparatus parameters and mode of operation, 


INTRODUCTION roasting ovens, etc, In all of these devices, the speed 
Until now, in the design of technological apparatus _ of interaction of the moving media is basically deter- 
no investigation was ordinarily made of the stability of mined by the difference in concentration at their boundary 


the chosen mode of operation or of the possibilities of surfaces, analogous to the circumstance that heat trans- 

controlling it, mission is basically determined by the temperature differ- 
In some cases, the very simplest controller provides _— ence of the interacting media, 

sufficient accuracy of process.flow, while sometimes this In the present work, the problem is considered in 

cannot be provided by a very complicated and expensive _ terms of the example of implementing a process by the 

controller, Sometimes, the cost of the controller can counterflow method, although the corresponding results 

exceed the cost of the plant itself, can also he obtained for the case of direct flow. 


Today, the automation of chemical engineering 
apparatus entails controllers which, as a rule, are designed 
for a preexisting plant, and any changes in the plant to Media Interaction in Engineering Apparatus 
improve stability or controllability become either im- 1, We consider heat exchangerswith thin walls [2, 3] 
possible or extremely difficult, In many cases, the opera- and, simultaneously, apparatus with diffusion processes 
tion of new technological systems is impossible without (absorbers, scrubbers, extractors, etc,) without taking 


I Basic Equations of Nonstationary Processes of Moving 








automatic control, account of the thermal effect of the reactions in them, 
In connection with what has just been said, it becomes Let u(x, t) and v(x, t) be the relative temperatures® 
very important to study the plant as a basic link in the (or, for other apparatus, the corresponding concentrations) 


automatic control system, The problems of optimal para- of the moving media, where x is the coordinate of the 
meters of the plant and of the controller must be solved = apparatus cross section, measured in the direction of 
simultaneously and compatibly. The general posing of the motion of medium u, 


problem was given by V. S, Kulebakin at the Second All- If, in the course of time t, the ideally mixed fluid 
Union Conference on Automatic Control [1]. portions touch one another along some boundary surface 
It is from this point of view that the present paper with thermal resistance or, as the case may be, with 


solves the problem of analyzing the persistence and con- diffusion resistance, then 
trollability of processes in the widely used apparatus of 
chemical technology. 

For widely used types of engineering continuous-flow 
apparatus, a characteristic of the processes is the inter- 
action of the media along the entire path of their motion Where ky and ky are positive constants, With these con- 
by the principle of direct flow or, even more frequently, ditions, we easily convince ourselves, by the use of the 
by the counterflow principle, Therefore, in considering concept of a function"s complete differential, that the 
the questions of control of continuous processes, one must g&neral equations for the interaction of moving media, 
solve the general nonstationary problem of the interaction * For the unit of measurement of u and v we take the value 


du 
dt 


= k,(v—u), @ _ ky (u—v), 


dt 


processes of the moving media in these apparatus, u(0, 0) in the transient response and, as the zero of measure 
As apparatus of this type we have: heat exchangers, ment, we take the value v(!, 0),where / is the length of the 
absorbers, scrubbers, extractors, fractionating columns, apparatus, 
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in the case of counterflowT have the form 


Ou Ou Ov Ou 
a +43 = -ky(v—u), 3r — “23> = 

(1) 
key (u — v). 


With this, ky = kp/s,c; yy for heat exchangers, Here, 


k is the heat transmission factor, p is the perimeter of the 


lateral cross section of the surface separating the media, 
s, is the area of the lateral cross section of the first 
medium, cy is heat capacity, y, is specific weight, w; 
and W, are the absolute values of the linear velocities of 
the moving media and k, is the corresponding coefficient 
for the second medium, 

Obviously, for other apparatus, certain of these con- 
stants are replaced by others which express the analogous 
laws of diffusion, 

The solutions of these equations will depend on the 
initial and the boundary conditions 


u(x, 0) = u(x), v(x, 0) = v(x); 
for direct flow 
u(0, t) = Y(t), vo, t) = H(t) 


for counterflow 
u(O, t) = %,(t), vil , t) = Pp(t). 


With the methods of operational calculus, the prob- 
lem can be conveniently solved for any initial and boun- 
dary conditions for either direct flow or counterflow, 

2, We now consider the more general case of heat 
exchangers, namely, heat exchangers with thick walls, 

In the transient mode we shall take into account the 
thermal capacity of the walls separating the two media, 
ignoring, with this, the heat flux along the walls and the 
transient responses in the directions of the walls’ lateral 
cross sections, 

In the given case, the equations for counterflow have 
the form [4] 

ot S . 


ee - a Ww, = (T a T,), T, = T (2, t), 
ssid pero T), T=T(z, t),(2) 

OT OT 

ore Ts ay, = ky(T—T:), Ts: =Ta(2 2), 


where ky, ka, kg and ky are constants; T, Ty, and T, are the 


temperatures of the walls and the moving media at cross 
section x in relative units, 

3 Further, with account taken of the walls’ thermal 
capacity and of the distribution of heat along the walls, 
the equations of the nonstationary heat exchange assume 
the form 


OT, , OT 

Ts 4 Ts yy = ky (TT), 
oT eT 

— — a — 

ot Ox? 

OT, OT, 


Fr oe We = a (T — 7). 


With this, a is a constant which corresponds to the 
heat distribution along the walls, 

4, If one considers general Eqs, (1) for the nonstation- 
ary processes in moving media as applied to apparatus 
in which chemical reactions occur, then one can obtain 
a generalization of these equations when account is taken 
of the reactions’ thermal effects, With this, the question 
is considered only in a first approximation (the problem 
is linearized), 

Inthe general case, the equations of the nonstationary 
processes take the form 


a x w= au + By + TT, + O72, 
dv dv 
a — <= We = Agu + Bay + 2714+ 807s, (4) 
= ~ 
-+- — W, = Agu + Byv + 737, + 8572, 
OT; OT; 





| amar al Les Ou + Byv + aT; + 8473, 


where u, v, Ty and T, are indices of concentration and 

temperature in their proper relative units; 4,5, yj, 5; 

(i= 1, 2, 3, 4) are constants of the linear approximation, 
If the reaction in the apparatus occurs in a diffusion 

region, then with account taken of the thermal effect 

in a first approximation, these equations, in the particular 

case, take the simpler form 


7] rs] 
s+ = w, = k,(v—u) + mv + m7, 
] Ov 
7 - > az W, = ke (u _ v) — myv — mT >, 
ai oT 
pt ee = 4 (T2 — 7%), (5) 
eT, aT 


=~ ee a,(T, —T,) + 
+ a3[k,(u — v) — mgv — m7], 


where Ki, aj (i = 1, 2) and mj (j = 1, 2, 3, 4) are the 
corresponding constants, Small changes in the k, are 
compensated approximately by the proper choice of the 
m 

y 


IL, Equations of Stationary Processes of Moving Media 





Interaction in Engineering Apparatus 

Under the conditions of a stationary mode of operation, 
the basic system of partial differential equations obtained 
becomes a system of ordinary differential equations, The 
solutions are obtained in an elementary manner in the 
form of linear combinations of characteristic (eigen) 
functions, and depend on the roots of the corresponding 
characteristic equations, 

1, For the case corresponding to the general 
Eqs, (1), we get 





d ‘ dv _ wh 
Pa ky(T, -T) +h (T2—7),.8) “=a =h(v—4)s wg =h(v—4). 


t In the given case, and in the sequel, the equations for 
direct flow processes are obtained by replacing w, by ~w», 
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The characteristic equation has the form 


2 —(2— Saba. on @. 


We wy, / 


4 


2. For the second case, that of general Eqs, (2),with 
account taken of the walls’ thermal capacity, the steady- 
state equations are simplified, and assume a form analo - 
gous to the foregoing: 





dT — dT es aia 
Ww, == ky(T;—T,), Ws = ky(T,— 1), 
ae (<2 — 1) =O, 
We Ww} 
where 
k = _ aks Ie. = Kgky 
. kg+ks ’ . ka + kg 


In the conditions of the steady state, this corresponds 
completely to the physical meaning of the assumptions 
made earlier, 

3, For the steady state of a heat exchanger when 
account is taken of heat flux along the walls, one obtains 
from general Eqs, (3) a system of ordinary differential 
equations which leads to a fourth-degree characteristic 
equation, With this, one of the roots equals zero, while 
the remaining three roots are found from the third-degree 
equation 


eee eae et 


Kak, — eyks\ __ 
4 an 


4, In the remaining two cases, one obtains the 
corresponding fourth-degree characteristic equations, 


IIL, Determination of the Transient Responses from the 





Basic Equations of Moving Media Interaction in Apparatus 





for the Case of Counterflow 

Using the methods of operational calculus, one can 
easily solve the problem for direct flow and for counter- 
flow for various methods of disturbing the steady state, 
In practice, these disturbances might be disturbances in 
concentration (or temperature), in the velocities of the 
moving media, and also in the volume of reagent applied 
to the input of the apparatus, Obtaining exact solutions 
for the most general equations is arduous, In those cases 
when such solutions can be found in general form, they 
are inconvenient, due to the complicated structure and 
the unwieldiness of the expressions, 

It is convenient to carry out the analysis of quality 
of transient responses by operator methods, using as a 
basis their approximate representation by means of a series 
expansion of the transforms, as this was done in the 
monographs of A, V. Lykov [5] for the classical problem 
of heat conduction in nonmoving media, Such a choice 
of the approximate solution corresponds completely to the 
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method of small disturbances which, in many cases, can 
be made basic to the investigation of transient responses 
from the point of view of the control problem, 

However, while retaining coincidence of the approxi- 
mate and exact curves of the transient response in the 
neighborhood of the initial point, we can also achieve 
their complete coincidence at the end point — in the steady 
state, With this, we employ an exponential law for the 
approximate solution} with the proper choice of the 
undefined coefficients in accordance with two conditions: 

a) a common point and a common tangent with the 
curve of the exact solution at the beginning of the process; 

b) a common asymptote as t > oo, 

The solution has the form 


{0 for t<t 


ulor 7,|= 

| if lett t) for t> +t, p(t) = 
= m—ne"', (6) 
where T is the lag time, and m, n and r are determined 
in correspondence with conditions a) and b) for the given 
form of basic equations and the method of disturbing the 
steady state, 

We consider some examples, 

1, The transient response of the first medium at the 
apparatus output for a unit step disturbance of its concen- 
tration (or temperature) at the input, In the descriptions 
of the transient responses we shall introduce dimensionless 
complex parameters and, as the unit of time, we choose 
(T; + T,)/2 (T; = l/wy, T,= L/w). 

By assuming zero initial conditions, we find the 
expression for the curve of the transient response in the 
form of (6) with the corresponding relationships for m, n 
and r, while taking T = 2/(1 + (w,/wp)). 

For general Eqs, (1), we get 
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For general Eqs, (2) we get 
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where there are now four dimensionless parameters which,, 
in the given case, have the form 





+ In the first approximation, the exponential law is generally 


characteristic of processes flowing at the expense, as it 
were, of a loss of activity, This is attested by theoretical 
considerations and much experimental data, 
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Note: With the given method of disturbing the steady 
state, the sole case of general equations of the form of (3) 
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for the proper expressions for a and 6 for each case, 
3, Transient response of the first medium at the out- 








requires special consideration, since the curve of the tran- put for a step variation of the volume of reagent applied 


sient response will have a break at time t = 2/(1 + (w,/we)). 
For general Eqs, (4), the quantity m, as in the previous 

cases, is simply determined from the conditions for the 

new steady state, while n and r are determined from the 

following relationships: 
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With this, the dimensionless complex parameters are 
introduced in correspondence with the structure of the 
expressions found, 

For Eqs, (5), a particular case of (4), the corresponding 
relationships for m,n and r have the form 


m—n =e , nr = e~ 2 28 (a + a1)-+ Oe3), 


where the following four dimensionless parameters have 
been introduced; 


lky lke lm, lmqa3 
a = — = -—— = ———-, 
2w . B 2wW, *11 2w, . 2,3 2w, 


2, Transient response of the first medium at the output 
for a step disturbance of its linear velocity from w, to 
Wy instantaneously over the entire length of the apparatus, 

The question posed is meaningful basically for heat 
exchange apparatus, For the initial conditions, we take 
the condition of stationary (steady) apparatus mode of 
operation, 

Despite the fact that, in the given case, the problem 
is nonlinear, the corresponding values of m,n and r will 
be easily computed for all three forms of the basic equa- 
tions, (1), (2) and (3), With this, we always have T = 0, 
m-n = 0, where m is defined from the conditions of the 
hew steady state for each case, Thus, for example, for 
the simplest general equations, (1) and (2), we obtain 














at the input while the concentration and linear velocity 





are maintained,** Such a posing of the problem is mean- 





ingful for all the apparatus considered, not just for heat 
exchangers, As before, we take the steady-state conditions 
to be the initial conditions, 

As in the previous case, the problem is nonlinear 
but, for Eqs, (1), also leads to a simple solution, which 
can be extended as well to the more complicated Eqs, 

(4) and (5), 

The results of the theoretical analysis of the transient 
responses in moving media are found to be in correspon- 
dence with the existing experimental data, obtained both 
under laboratory conditions and in factories, The theore- 
tical and experimental curves of the transient responses, 
as well as for individual data — obtained in parallel 
experiments —— are in good agreement, 

As an illustration, Fig, 1 shows the theoretical (1) 
and experimental (2) curves for the transient responses 
in the case of Eqs, (1) for a step disturbance of the tem- 
perature of one of the media, 

IV. Transfer Functions and Block Schematics of Engineering 








Apparatus as Objects of Control (Plants) 





On the basis of Eqs, (1)-(5) of nonstationary processes 
in engineering apparatus, one can find the corresponding 
transfer functions, and construct the block schematics, 
With this, one can find either exact or approximate ex- 
pressions for the transfer functions, 

In particular, when we have to do with basic Eqs, (2) 
or (1), for the case of counterflow, we obtain the block 
schematic shown in Fig, 2, 


mn Uout (P) 
Ky, (p) = toa * Vin= 9; 
Ko (p) = “oe for U = 0. 
Kj: (p) = “ae for Vin = 9 
Kx (p) = or A A 


If, as the unit of time, we take (T, + T,)/2, letting 
q = p(T, + T,)/2, then the exact expressions for the transfer 
functions will have the formt T 
**From which one immediately can obtain the solution 
of the problem with the condition that the volume and the 
concentration of the reagent applied at the input simul- 
taneously change by jumps, 
t t For the case of general Eqs, (1), all the expressions 
given below are considered in the limit as &, &3-* @, 
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out From the approximateexpressions Ky and Ry for basic 

ot oa &.%.% —_ Eqs, (1), (2), (4), and (5), one can easily observe the de- 
pendence of these transfer functions on the parameters and 
operating mode of the apparatus, 
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V. Definition of the Universal Characteristics of Persistence 

(Fer ] Le and Controllability for the Class of Apparatus Operating 

on the Counterflow Principle 

© os {Moro } “in From the theoretically obtained expressions (1) for 
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There are thus five dimensionless complex parameters 
in the transfer functions obtained: a, 8, wy/we, O = 
a Lk,/2wy, a, = Tks /2wy. 

The approximate representation of transfer function 
K4,, found from the corresponding expression for the tran- 
sient response (6) has the form 








sanieaee = 

rT, Tr 2 

Ky (q) =m —— exp (—¢—,)- 
i+q> i+ ss, 


An analogous expression is obtained for Ky, by con- 
sidering transient response (6) for the other medium, 
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the transient responses, one can find the characteristics 
of persistence and controllability of processes in engineer- 
ing apparatus, 

The persistence criterion S is introduced as a generali- 
zation of the plant's time constant [3], The persistence S 
is defined as the magnitude of the area included between 
the curve of the transient response and the horizontal line 
corresponding to the value of the new steady state (Fig. 3), 


In accordance with this definition, § — \ 1 —ia(t)}dt tt 
0 


where u(t) is the expression for the transient response at the 
output of the apparatus (for the temperature or concentra- 
tion of the reagent,respectively), 

With respect to the ease of controlling a process, the 
positive effect of persistence, and the adverse effect of lag 
are well known, Consequently, as the controllability 
criterion R for the mode of apparatus operation, one can 
take the relative magnitude of the persistence (as compared 
with the magnitude of the lag time) R = S/T, 

By thus defining the persistence and controllability 
of a process (S and R), we can find their general expressions 
for all the cases considered of basic equations and dis- 
turbing actions, 

With this, using relationship (6), we find that 


saat 
9 


+f In the particular cases, which arise frequently in 
technology, when the expression for the transient response 
has the form y = 1-exp(-t/T,), we obtain S = T,, where 
T, is the plant’s time constant, 


n 
ne—"'dt = —. 
rm 








In case of a dependency of the transient response on 


m = 0,8 for kg/kg = 0.5; 1; 2; 5 (ky/Kp = 0.5, kg/ky = 1), 


the initial conditions, the quantity S is even more meaning- The condition that a definite completeness of the process 


ful, since it characterizes the persistence of the given 
initial steady state of apparatus operation, In the deter- 
mfnation of the analytic expressions for the persistence and 
controllability characteristics in each case, the dimension- 
less complex parameters of the apparatus and its operat- 
ing mode are introduced in the proper fashion. 

We note that, in a control process, an action on the 
first medium is frequently effected by means of the second 
medium, Consequently, in defining controllability, it is 
reasonable to also take into account the other lag time by 
using the arithmetic mean T = (T, + 7,)/2, If, moreover, 
T is taken as unity, then R = S, 

We adduce several examples; 

1, For disturbances of concentration (or, respec- 
tively, of temperature), we get: 

a) for the case of general Eqs, (1), 


__ B)e2® + Be2(B—a) —aj? 


S=R=- 
, [a —PeXP—*) }(a — ByeMP—e) ” 
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b) for the case of general Eqs, (2), 
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2. With disturbances of velocity of the first medium, 
we obtain, for Eqs, (1) and (2), 
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From the persistence and controllability characteristics, for various apparatus 


obtained in their general form and qua criteria, one can 
easily carry out their analytical and graphical analysis, 


be given is a standard practical requirement, 

In all cases, just as inthose of the examplesgiven 
(cf, Figs, 4 and 5), one can graphically give a compara- 
tive estimate of persistence and controllability of processes 
as functions of the parameters and operating modes of the 
apparatus, With this, one can immediately take into 
account any additional condition relating the possible 
variations of these parameters, In the example given 
(Fig, 5), such a condition was the specification of a def- 
inite process completeness, 
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The domains of variation of a, 8 and other parameters 
can be established from concrete 
industrial data in each individual case, After this, if 
necessary, one can easily extend the corresponding graphs 


As an example, Fig, 4 shows the controllability curves See,. the process completeness P, one takes the relative 


R(8) for various values of « and for fixed values of the re- 


maining parameters (ky/Ky = kp/Kg = 0,5, kg/Ky = 2). 
Fig, 5 gives the curves R(8) under the condition that there 


be maintained the given process completeness* ** P = lerr, 


change of the input quantity after its passage through the 
apparatus, i,¢., 


P = (ujn — Uout)/Uy, = 1-m, 














from the general analytic expressions for persistence and 
controllability of the process, 

From the existing experimental data on heat ex- 
changers, the values of a and 8 are found to lie within 
the limits shown on the graphs, In particular, a heat 
exchanger was tested in almost the conditions of actual 
practice, giving the figures a * 1,2, 8 © 0,6, a © 0,85, 

B = 0,5, 
VL, Design Methodology. Example 

By using the results obtained for the choice of the 
optimal parameters of engineering apparatus, we can take 
into account the requirement that the controllability be as 
good as possible, 

The proper design methodology consists of the 
following: 

1, From the analytic expressions found for R, one 
easily constructs the necessary nomograms, expressing 
the relationships ot the magnitudes of the generalized 
plant parameters (for example, « and 8), the process 
completeness P and the controllability R.t TT 

2. As is obvious, technological and economic con- 
ditions fix the most necessary requirements imposed on the 
concrete apparatus and its mode of operation, These 
requirements specify constraints on the erstwhile free, 
generalized parameters, or simply define the values of 
some of them, As a result, definite relationships connect- 
ing the possible parameter variations are obtained, 

3, By taking these relationships into account,we choose 
the free quantities from the nomograms, trying for the 
greatest possible value of controllability R. 

As a rule, depending on the conditions, a compromise 
solution must be adopted as to the optimal plant para- 
meters with respect to process completeness, apparatus 
economy and controllability, 

We now consider the concrete example of choosing 
the parameters of a tubular counterflow heat exchanger, 
used for the cooling or heating of salt solutions before 
they enter the reactors, 

Particularly important here is the stabilization of the 
temperature at the heat exchanger’soutput prior to entry in- 
to the reactor, 

1, We construct the simplest nomogram from ex- 
pression (7), The nomogram curves must correspond to 
equal values of heat exchange process completeness, 

2, Let it be required to choose the parameters for two 
heat exchangers with heat exchange completeness of P = 
= 0,1 and P = 0.6, With this, the technical data dictates 
that, in both cases, the generalized parameter 6 must be 





chosen only within the limits 0,6 = 8 = 1,2,$¢4 With this, 


in accordance with expression (7), with large values of 
process completeness P, the magnitude of R increases 
sharply as 6 increases, and, for small values of P, it re- 
mains almost unchanged, 

3, By considering the variation of the plant's con- 
trollability R on the interval (0.6; 1,2), either by nomo- 
gram or by formula (7), we arrive at the following con- 
clusions: 
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a) in the given interval of variation of 8, magnitude 
of the controllability R remains almost unchanged for the 
first heat exchanger. Therefore,the choice of 8 does not 
affect the plant's controlling properties’ and, in this re- 
spect, can be made arbitrary, 

b) for the second heat exchanger, the magnitude of 
R varies significantly in the given interval, In the given 
case, it is advantageous to choose the limiting value of 
B = 1,2, so as to provide the largest controllability of the 
process, It is desirable to make such a choice of 8 even 
in the case when this entails some insignificant deteriora- 
tion of the other characteristics of the heat exchanger, 


SUMMARY 

1, The nonstationary problem of the interaction of 
moving media in engineering apparatus was considered, 

2, A method was obtained for finding an approximate 
analytic expression for the transient responses in the 
commonest case of motion of media by the counterflow 
principle, 

3, The characteristics of process persistence and con- 
trollability were obtained, in general form and qua criteria, 
for the broadest class of engineering apparatus operating on 
this counterflow principle, These characteristics have 


simple analytical expressions in elementary functions, and 
depend on a minimal number of dimensionless complex 
parameters, which provides ease and availability of the 
engineering designs, 

4. Thus, possibilities were disclosed for the study of 
the dependence of some transient response or another on 
changes in system parameters for a wide class of engineer- 
ing apparatus, The apparatus characteristics thus found 
are necessary for the solution of two problems which are 
important in practice: a) for the design of apparatus for 
an optimal steady-state operating mode with account 
taken of the indices of stability of this mode; b) for the 
simultaneous and compatible design of controller and 
plant. 
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AUTOMATIC CONTROL OF THE TURBINE DRILLING PROCESS 


BY MEANS OF ADAPTIVE SYSTEMS 


M. G. Eskin 


Moscow 


Translated from Avtomatika i Telemekhanika, Vol, 21, No, 6, pp. 791-805, June, 1960 


The paper considers automatic control devices, used for choosing optimal parameter ratios under changes in the 


external conditions of turbine drilling, 


Results are adduced from the development of control schemes with respect to two parameters and of extremal 
type schemes wherein account is taken of the pecularities associated with the specific object of control, 


An extremal device, based principally on discrete elements, is described, A semiautomatic control scheme 
is provided, the basis of the scheme being a scan of the technological process over a wide range of parameter 


variation, 


The problem of automating the control of the turbine 
drilling process of oil and gas wells is the choice and 
maintenance of the optimal values of two parameters: 
the axial force P on the gouge and the rotational speed 
n of the gouge under variations in drilling conditions, 
With the turbine method of drilling, there is ordinarily 
implemented operational control only of the quantity P 
in the limits of 5 to 35 tons, by changes in the weight 
of the column of drilling pipe which gives rise to the 
axial force on the gouge, The turbine has the so-called 
"soft" characteristic, so that, with increasing axial force 
P, the velocity n of gouge rotation can be varied within 
the limits of 1200 to 1400 rpm, The partial derivative 
8n/@P depends on the properties of the rock being drilled 
and on the state of the gouge, 

An automatic control device is used to choose the 
optimal parameter ratios by adjusting the system para- 
meters as the external drilling conditions change, 


Automatic Control in Terms of One Parameter 

The control system includes an automatic controller 
of one parameter as one of its elements, In addition to 
this, a one-parameter automatic controller has independen 
applications, 

In the sequel we shall use the notation: Q is the 
difference between the total weight of the column of tubing 
Qy and the force Q, at the upper end of the column, V, 
is the velocity supplied to the column's upper end and 
Vq is the drilling speed, 

In the steady state, and with no friction, P = Q and 
Va = Ve 

Ordinary controllers maintain the value of Q, given 
by a setting Q,, The magnitude of Q, is varied by the 
control device or by a driller, manually, 

, Figure 1 shows the functional schematic of the type 
AVE automatic controller, 
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The force Q is measured by a transducer — a spring 
element, transforming force to a selsyn‘s angle of rotation, 
The angle of rotation of a second selsyn is a given setting, 
The difference between the angles of the transducer and 
setting selsyns, transformed to an ac signal, is applied to 
the input of an electronic amplifier; the power is then 
amplified by a rotary amplifier and applied to the excita- 
tion winding of a generator which supplies the dc executive 
motor, This motor implements the supply of the drilling 
instrument, Due to this, the forces P and Q are varied until 
such time as the difference between the angles of the 
transducer and setting selsyns becomes close to zero, 

In the AVE scheme there are, not two, but four selsyns, 
which give the capabilityfor both manual and mechanized 
(for automatic control) introduction of the settings, 

Both rigid and flexible stabilizing connections are 
provided in the system, 

Type AVE automatic controller was tested under in- 
dustrial conditions, The tests showed that the AVE provides 
the required static and dynamic indices for the existing 
changes in drilling conditions, including drilling speeds close 
to zero, Today, design work is proceeding for several 
modifications of type AVE controllers for different drilling 
stands, 


Automatic Control in Terms of Two Parameters 





The drilling process is still insufficiently studied, 
which renders difficult the determination of the best law 
of automatic control, The development of automatic 
control devices proceeds step-by-step in parallel with the 
development of the technology. 

Each of the devices developed, being based on definite 
technological assumptions, verifiesinitsturn the correct~- 
ness of these assumptions, It is this wherein consists the 
complexity of solving the problems of optimal control and 
optimal technology. 
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The simplest system providing variation of axial force 
P when drilling conditions change is a device for main- 
taining a given relationship 


V, = 9(Q). (1) 
In a particular case, this relationship has the form 
ky V, + keQ = C, (2) 


where ky and ky are given coefficients, and C is a value 
given by the setting, 

The development of such a device was based on the 
following technological assumptions, 

For different rocks, the family of curves Vg = f (P) 
has the form shown in Fig, 2, The curve V, = 9(Q) joins 
points of optimal values of P, 

If control law (1) is given to the controller then, in 


the steady state for V, = Vy, there will always be established 


a definite value of axial force P,;, changing as the gouge 
enters rocks of different degrees of hardness, 

Testing,under industrial conditions, of devices imple- 
menting control law (2) showed that this control law is 
unsuitable, with .:bine drilling, for implementing the 
basic process of crushing rock, but that this law is ad- 
vantageous for working wells, 

Today, capability of control by law (2) is provided 
in several modifications of type AVE controllers, 

The unsuitability of law (2) for the basic process 
of turbine drilling is explained by the fact that the optimal 
points Poj, V; cannot be given correctly beforehand, 
since it is impossible to know beforehand the state of the 


gouge and other factors which determine the drilling process, 


Automatic Control in Terms of Extremal Values, Tech- 





nological Premises 

The purpose of developing extremal control devices 
(ECD) for drilling is to realize maximum power of the 
turbine drill on the gouge without changing its rotational 
speed, 

The turbine drill power N, can be determined from 
the formula 





Ny = kgP— kyP”, 


where kg and ky are coefficients which depend on the 
physical design of the turbine drill, the state of the gouge, 
the properties and quantity of the washing fluid, 
Considering that the intensity of rock crushing is 
proportional to the applied power Vq = CN, one should 
assume that the function Vy = f(P), henceforth called 
the turbine drilling curve (TDC), has a maximum point, 
at which 0V4/8P = 0, 
Therefore, the control law should be taken in the 
form 


(3) 


ov, 


d 
3p = 5 (>). (4) 
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In some cases, the control system, for 5 < 0, is made 
unstable, Therefore, 5 should be chosen with some margin 
of error, Details on this will be given below, 

Turbine drilling curves V4 = f(P) and N= Pn= f, (P), 
taken off experimentally,* essentially confirmed the 
assumptions made, 


On Control System Structures in Connection with the 





Pecularities of Measurement of the Quantities and with 





the Presence of Noise 

It is impossible to measure drilling speed Vy and 
gouge load P directly since, until today, the problem of 
reliable wireless communications from locus of drilling 
to wellhead has remained unsolved, The values of Vy 
and P can be measured indirectly from the values of the 
supply velocity V, and the force Q, applied at the upper 
end of the column of drilling tube, With this, we use 
the following relationships: 





OF ov 

be ~ 13 qg th, (5) 
ees OF (6) 
ds”—(<‘za 


VsV gq, m/hr 







Soft rock 


Hard rock 








0 Q.? tons 
Fig. 2, Illustration for the elucidation of the 
principle of automatic control in terms of two 
parameters, 


where F is the force on point x of the column, directed 
from below and compressing the column, measured in 
kilograms, V is the velocity of point x of the column, 
directed from below, in meters per second, q is the mass 
of the column per unit length in kg-sec*/m*, g is the 
acceleration of gravity in m/sec’, k = ES is the rigidity 
of the column per unit length, where E is the modulus 
of elasticity in kg/m* and § is the tube's cross-sectional 
area in m’, h is the resistance to motion per unit length, 
directed counter to the actual movement, 

We make the following assumptions: 

1, The magnitude of frictional force h does not 
change in magnitude or direction; since the tube is moved 
from below, then h > 0, 

2, The magnitude of the acceleration force is negli- 
gibly small: 


*We assume that the magnitude of N is proportionai to 
Ny. 
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For the determination of the subsurface parameters 
Vq and P from the surface parameters V, and Q,, we 
obtain the following simplified expressions: 


P = (qg-h)?-Q, 
Pe ey. 
t $ 


(8) 
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Here, Vg and P are simply V and F for x = 7, and 
V, and —Q, are V and F for x = 0. 

For h € qg, we have P= Q, 

The limits of applicability of assumption (7) were 
determined on an electromechanical model of a turbine 
drill, connected to actual elements of an AVE automatic 
controller, 

If force Q, varies by the law 

Q = Q1,~ at, 


where Q,, is the initial value of force and is a constant ; 
then, in accordance with (8) and (9), we get 


(10) 


P= Py + At, (11) 
where 
Po = (qg—h) 2 — Qty 
and 
Vg =- la /k + Vs (12) 


On the model, reproducing Eqs, (5) and (6) connected 
to actual AVE controller elements, the sign of the velocity 
introduced by the controller setting was changed and, for 
various & and /, the quantities P, Vg and V, were oscillo- 
graphed, Graphs constructed from Eqs, (11) and (12) were 
laid on these same oscillograms, Then, from a comparison 
of the oscillograms and graphs, there was determined the 
time t from the moment of switching settings to the 
moment at which the replacement of Eqs, (5) and (6) by 
Eqs, (8) and (9) no longer entailed a significant error in 
the measurement of V,, This time depends on & and! 
and, for 1 < 2000 meters, isof the order of 3 to 10 seconds, 

The basic assumption(which may entail an essential 
errorjis the assumption of the constancy of the frictional 
force h, If it is assumed that all the points of the column 
are translated from below during drilling, then the direction 
of force h does not change, However, the magnitude of 
h can be changed, both in time and along the length of 
the column, due to random unaccountable causes, 

From Eqs, (11) and (12) we get 


AP =aAt, AVqg = dVs. 


Whence control law (4) can be given in the form 


AVs } 
aAt ’ (4 ) 


where the increment AV; is chosen for a = const on the 
interval of time At, and 6 = 0 is a given quantity, 


$= 


Averaging in the Choice of Values of AV, and At 

In the limit, the quantity AV,/At is the acceleration 
of shaft sinking but, for its reliable determination, the 
quantities AV, and At must have finite values, This is 
explained by the following: the process of rock crushing 
by the gouge must have a discrete character; the column 
of drilling tube, as a rule, is subject to oscillations due 
to pulsations of pressure of the wash fluid and also due to 
resonance properties, Moreover, the sinking of the column 
is accompanied by a change in the frictional force on the 
well walls (cf,, the relationships shown below on Figs, 12 
and 13), This makes the measurement on instantaneous 
speed and acceleration inapplicable, and creates the 
necessity of averaging the measured quantities, The 
minimum duration of the interval of measurement is 
limited by the aforementioned sources of noise, by the 
signal’s maximum frequency, which is determined by the 
shift of the maximum as the rock's drill resistance changes, 
by the state of the gouge and by other conditions of 
drilling, 

For the test specimen of the control devices we 
chose At * 10 seconds, for AP = 1 to 2,5 tons,and a 
range of variation of P © 5 to 35 tons, 

The minimum value of AP is limited by the dispersion 
of points for the determination of 4 Vq, and by the small 
velocity of the output in the optimum zone, 

The maximum value of AP is limited by the ad- 
missible amplitude of oscillation in the optimum zone, 
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Fig. 3, Block schematic of a 
system with an extremal control 
device, ECD is the extremal 
control device, PC is the pro- 
gram commutator and AVE is 
the automatic controller, 
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Basic Schemes of Extremal Control Devices (ECD) 

When averaging over a lengthy time interval (~ 10 
seconds) is employed, it is necessary to stabilize the load 
on the gouge during this interval, Therefore, the system 
with the ECD was connected in a two-loop scheme (Fig, 3). 

The first loop is a high-speed control system, used 
for stabilizing the load on the gouge, This loop comprises 
a servosystem in which the quantity Q, equal to P in the 
steady state, follows the given value of the setting Q.. 
This loop is implemented by analog elements, 

The second loop is a slow-acting, but accurate 
system used for the implementation of the control law 
0V,/9P = 6 by controlling the controller setting, This 
loop is implemented,in whole or in part, by discrete 
(digital) elements, 

In the development of the ECD, the methods adopted 
for measuring the supply velocity Vs were to measure 
the increment of supply AS during a calibrated time in- 
terval At, or to measure the time increment At for a 
calibrated supply interval AS, Various ECD schemes 
were analyzed in correspondence with these methods, The 
simplest were the relay ECD systems, In these schemes, 
only two positions were provided for the organ for intro- 
ducing the setting Q, as a function of the sign, 

Two variants of the relay schemes were developed, 
one with variations in the magnitude of setting Q..and 
the other with changes in sign of the velocity of introdu- 
cing the setting Q.. 


ECD Circuit Elements and Physical Construction 

In the first variant of the ECD, calibrated supply 
intervals were adopted, The ECD was built of basically 
analog electromechanical elements [2, 3] and acted on 
the settings of a type AN-1 electropneumatic controller 
by means of a pulsed stepping potentiometer, The design 
of the electromechanical assemblies turned out to be 
very complicated, 

In the second variant of the ECD, calibrated time 
intervals At were adopted, The ECD was built of digital 
elements and acted on the sign of the velocity of intro- 
ducing the setting of an AVE rotary controller, 

The increment of supply velocity AV, on the interval 
At [cf., (4°)] was determined as the difference of the 
supply velocities V... and Vsai° defined on the two 
measurement half-ccles bi and ai, The velocity of 
supply was determined in each case by the number of 
pulses, each of which corresponded to a definite small 
magnitude of supply. 

As a result, the following formula was obtained for 
the increment of supply velocity: 








Nai 
> 


aati ealliacas aie 
AVs; Ne, Vai 7 ee 





(13) 


where y is a proportionality factor relating magnitude of 
supply to number of pulses, 

The measurement half-cycles begin after that 
moment of time when Eqs, (8) and (9) become valid, 
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For pulse addition, reversible counters were used, 
To determine the sign of the difference AV./aAt— 6 
(cf., (4")], a nominal quantity of pulses ny were introduced 
into the counter, Let ny = oAt'6/y, By substituting ny, 
and A. in (4°), we obtain the algebraic sum 


dn=ny- 


In 2 (14) 
whose sign definesthe sign of the expression AV;/oAt— 6 
For 6 = 0, the scheme operates in the following 
manner, Let the setting be increased, and let 0Q,/8t = 
=a >0, Increasing Qc leads to an increase of Q and P, 
The measurement half-cycle begins at time tq, 
During the first half-cycle, tet, = At, there occurs sub- 
traction followed by storage of the negative number of 
pulses -naj. During the second half-cycle ty-t, = At, 
there occurs the addition of n,,; followed by reading of 
the difference Anj = npj-naj. As a function of the sign 
of the difference An; there is not carried out (for a positive 
sign) or there is carried out (for a negative sign)a switching 
of the sign of the velocity of introducing the setting, 


For operation by the law 0Vg/0P = 6, where 5 > 0, 
after the first half-cycle there is introduced the nominal 
quantity of pulses + ny). 

The basic element of the scheme is the reversible 
counter, which does reading, storage and subtraction 
of pulses in accordance with the commands obtained from 
the program commutator (Fig. 4). 

The assembly for setting introduction consists of a 
selsyn driven at a slow rotational speed by a dc motor 
via a reducer, 

The program commutator consists of disks rotated 
by a synchronous motor via a reducer, 

The reversible counter is a ten-place electron-tube 
counter, It has the built-in capability of being switched 
to subtraction and addition, as well as the capability of 
having a nominal number of pulses n,, introduced into it, 

The pulse transducer consists of a selsyn, rectifier, 
and flip-flop with total feedback used for pulse shaping, 
Each rotation of the selsyn corresponds to an advance of 
the upper end of the drill column by a fraction of a 
millimeter, 

Figures 5 and 6 show exterior views of the assemblies 
of the extremal device, 


Testing and Directions of Further Improvement of the ECD 





Scheme 
Testing of the extremal devices was carried out on 
the turbine drilling model and under industrial conditions, 
with drilling being carried out at depths up to 2000 meters, 
For the tests, at the lower end of the model drilling 
tube column,there was simulatedthe turbine drilling curve 
(TDC) of the extremal type, close to a sinusoid within 
the limits of 0 to 7, In addition, there was simulated 
dry friction, applied to several points of the drill column, 
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Fig, 5, Reversible counter, 





Fig. 6, Program commutator, 
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Fig, 7. Output in the zone Vy = Vd max With the use of a type ATB ECD system, 
A model, Depth of drilling was 1000 meters, 


Figure 7 shows the cartograms of the output at the 
maximum to the left, and to the right,the TDC and auto- 
oscillations in the zone of the maximum, At the right of 
this same figure, the turbine drilling curves are shown, 

In testing under industrial conditions the turbine 
drilling curves were first taken off when a type AVE 

















automatic controller was used, the controller setting being 
changed with a constant velocity, Then the ECD was 
switched in for 10 to 20 minutes, 

Figure 8 gives cartograms showing the output in the 
maximum zone for a depth of drilling of 1950 meters, 
In the testing, a great deal of attention was given to the 
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Fig, 8, Output in the zone V, = Vq max With the use of a type ATB ECD system, 
Industrial testing, Depth of drilling was 1950 meters (V, in meters/hour), 
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Fig. 9, Functional relationships V4, n, 
N = f(P), constructed from averaged 
values of the data from industrial 
testing at a depth of 1670 meters, 

N = Pn in tons rpm, Py is the pressure 
of the wash fluid, 


taking off, under industrial conditions, of the turbine 
drilling curves V, = f(P),and their study from the point 
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Fig. 10, Functional relationships Vg, n= f (P), 
constructed from averaged values of the data 
from industrial testing at a depth of 1900 
meters, P; is the pressure of the wash fluid, 














and transmitting the results of the measurement to the 
surface, 


of view of determining the extremal character of the TDC, Figures 9-11 give the functional relationships of 


and the extent of their monotonicity on the individual 
segments [4], 


To this end, an instrument was developed for 
measuring the rotational velocity of the turbine drill, 











Vv, n, N= F@, t) 

On the basis of the inyestigation and testing of the 
two ECD designs, one may draw several conclusions and 
map out plans for the further perfecting of ECD for turbine 
drilling: 
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Fig, 11, Portions of the cartograms with recordings of the current values 
of Q, V, and n corresponding to Fig, 10, 











1, The velocity of drilling and the power on the gouge range of stable operation on the right portion of the TDC; 


vary by very similar laws, and the zones of maximal it is possible that, by virtue of this, the majority of TDC 

choice of power coincide fundamentally with the zones will have extrema for depths of drilling up to 2000 to 

of maximal mechanical speed, 3000 meters, It should be kept in mind, however, that 
Thus, for example, out of 10 curves where maxima in many cases the TDC have very slanting portions in a 

were obtained for V, and N, these coincided in six cases _ large range of variation of P, 

with an accuracy of + 2 tons, 2, The variation in the magnitude of the friction h 


In many cases, increasing the load on the gouge takes of the column with the walls of the well is a basic source 
the system into an unstable mode of operation; the turbine of noise in the indirect measurement, by means of the 
drill subsides for a rotational speed close to the nominal surface quantities, of the subsurface quantities which 
one,and does not manage to reach a point on the right characterize the drilling process, 
descending arm of the curve—i.e,, an extremal relation- For estimates of the noise in drilling operations, there 
ship is not attained, One cause of turbine drill stopping were taken off the functional relationships Q, n= f(t), 
is that it has fallen into the unstable zoneon the right arm which show the presence of oscillations of n for Q = const 








of the turbine drilling curve, (Figs, 12 and 13), It is most probable that these oscillations 
In the case of a rigid maintenance of the force Q,, were generated, not by changes in properties of the rock, 
and with other assumptions, the relationship between the _ but by changes in the frictional force h, 
critical parameters, as concerns stability, takes the form Decreasing the magnitude of the friction h is connected 
[5] with the perfecting of the technology of well pipe laying: 
r ~ with decreasing bending,and with the use of the proper 
L<—= —£ - wash fluids, One of the effective methods of decreasing 
1 ner (1 = ne ) h must be to rotate the tube column with low velocities, 


It should be considered that, for vertical wells with 
(15) drilling depths up to 2500 to 3000 meters, and with the 
1 proper technological operating mode, the noise engendered 
are tg ¢; Vak ( n c) ’ by the forces h will basically be less than the signal level, 
a. 3, An extremal device for drilling must be based on 
the computation of averaged values of velocity, The 
averaging time can be about 10 to 20 seconds and, in the 
future, must be made more precise, This makes it 
necessary to construct two-loop systems, similar to those 
described above, 
4, To shorten the operation cycle of an ECD and to 
decrease the output time in the maximum zone, a fast- 
acting operative control system is of great value, 





a 1 





Here, I, and n,, are the critical values of the tube 
column length and the turbine drill's speed of rotation, 
ng, is the turbine drill*s free-running speed, T is the turbine 
drill’s time constant, and c is a coefficient defining the 
rock's resistance to drilling, 

This result was obtained by use of the method of 
Chebotarev, which was developed by him for the analysis 
of the stability of quasi-polynomials, 

Analysis of expression (15) shows that, by varying Further work on perfecting ECD must proceed to- 
the turbine drill’s time constant T, one can increase the _— gether with the perfecting of drilling technology, partic- 
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Fig, 12, Cartogram portions with recording of the current values of Q, n and Vs for 
Q* const, V, in meters per hour, Operational drilling, Depth of 1750 meters, 
Wash fluid was water, 
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Fig. 13, Cartogram portions with recording of the current values of Q, n and V, for Q * 
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const, Operational 


drilling, Depth of 2000 meters, Wash fluid was clay mortar, 


ularly asit has to do with decreasing frictional noise, 
and increasing the zone of stable turbine drilling operation, 

Under these conditions, the problem of creating a 
reliable extremal device for turbine drilling for vertical 
wells of depths of 2500 to 3000 meters, devices based 
on the designs developed, is a completely realistic task, 

Turbine drill control by maximum mechanical 
velocity, using surface parametershas still a limited use, 

When the depth of drilling is increased beyond 2500 
to 3000 meters, the frictional forces between the column 
and the well walls will increase significantly, This is 
particularly essential for wells with bends, This can lead 
to the appearance of errors in measuring the velocity of 
drilling, as a result of which the monotonic form of the 
individual segments of the turbine drilling curve will be 
disrupted, i,e,, the curve will have several false maxima, 

As the depth of drilling increases, the zone of stable 
turbine drill control constricts, and the probability is 
increased that the turbine drill will stop until the turbine 
drilling curve makes the transition to the right-hand 
descending portion, 

In addition, to this, as the depth increases, the pre- 
dominant role begins to be played, not by the mechanical 
speed of drilling, but by the quantity of rock drilled by 
one gouge, since the time required to replace the gouge 
increases sharply, Therefore, it is necessary to place a 
more complicated criterion than mechanical speed of 
drilling at the basis of control, 

The reasons enumerated impelled us to begin the de- 
velopment of a new device for automatic drilling contrel 
(ADC). 


Principles of ADC Construction 

The defect in the extremal control system is its scan 
of the process curve “in the small", 

At the basis of the ADC is a compulsory scan of the 
Process "in the large", As applied to drilling, the scan 
is carried out within the limits of variation of the load 
on the gouge from the minimum to the maximum, 
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Fig. 14. 


whereby the entire turbine drilling curve is taken off and 
stored, 

The structural block schematic of the semiautomaton 
ADC is shown on Fig, 14, By means of an automatic data 
transmitter the quantity Q and, correspondingly, the load 
P on the gouge are varied linearly, The storage device 
SD stores the curve V, = f(Q) corresponding , under the 
assumptions made, to the curve Vg = F(P). 

After taking off of the first information (data) curve, 
the reading device RD is switched in, and periodically 
repeats the curve, reproducing it on the screen of a cathode- 
ray tube CRT, The curve thus obtained is analyzed by a 
driller (i,e,, by a human being),using special nomograms 
which take into account the depth of drilling and the 
partially worn gouge and, from these data, the optimal 
value of Pp; is determined, this value being then set by 
the driller,and thereafter maintained automatically by the 
AVE controller, Simultaneously, current information as to 
the quantities P,; and V, is applied to the plates of the 
CRT. For this, commutator C is used, Prolonged and 
major deviations of the current information from the 
curve attest to the fact that the information has become 
obsolete, In this case, the old information is erased,and 
the process is repeated from the beginning, 

In a test specimen, the storage and reading devices 
were made with magnetic tape, Recording was im- 
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plemented by the pulse-frequency method, A cathode- 
ray tube with lengthy persistence was employed, The 
reading repetition period was about 2 seconds, The com- 
mutator and the amplifiers were built of electronic 
vacuum tubes, 

Today, the ADC is undergoing laboratory finishing; 
after the accumulation of material under conditions of 
industrial drilling, it is planned to automate this control 
system still further, , 

Participants in the development of the automatic 
drilling control system were Yu, L, Ostrovskii, A, S, Bon - 
darevskii, A, P, Sosenkov, O, M, Kotlyar, M, R, Kraev- 
skaya and B, N. Anokhin, 
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The paper describes an adaptive automatic control system, constructed with digital computer elements, for the 
electrolytic process for obtaining aluminum, The control system causes the process to minimize a variable 
component of the cost, depending on the technological process, The search for the optimal mode is carried out 


in terms of one variable, namely, the position of the anode, 


The control system also includes several systems for stabilizing parameters, whose setting is automatically 
varied as the conditions of the process change, The optimal settings were previously introduced into the con- 


trolling device’s memory. 


The modern industrial method of obtaining aluminum 
is the electrolysis of fused cryolite-alumina, In the elec- 
trolysis process, aluminum is produced at the cathode and, 
at the carbon anode, oxygen which, at high electrolysis 
temperatures, forms carbon monoxide and carbon dioxide 
with the carbon anode, 

In theory, Faraday’s law states that, in the electrolysis 
of fused cryolite-alumina, 0,336 g of aluminum should 
be produced perhour at the cathode when a current of 
1 amp is used, In practice, in industrial baths embodying 
the current level of technological proficiency, the pro- 
duction of aluminum is 12 to 15% less than the theoreti- 
cal value, This is due to a number of reasons, above all, 
to the metal solubility in the fused electrolyte and its 
being borne to the anode by the diffusion, convection and 
circulation of the electrolyte with the reverse formation 
of aluminum oxide, 

As the result of many years of investigation and in- 
dustrial use of aluminum baths, it has been established 
that the basic process indices - productivity and specific 
expenditure of electric energy — are influenced by the 
current density, the distance between electrodes, the tem- 
perature of the electrolyte, the concentration of alumina, 
the cryolite ratio, the form of the electrolyzer, the levels 
of electrolyte and metal in the bath, etc, These para- 
meters change during the electrolysis process, 

The control of the technological processes in pres- 
ent-day aluminum baths is effected manually, on the 


basis of rough measurements and subjective analysis which 
depends on the experience and individual proficiency of 
the operator, 

It should be mentioned that in industry there are 
individual schemes designed to maintain constant just 
one of the parameters, while the others assume arbitrary 
values, These are automatic stabilization schemes for 





the voltage in the bath,and for the resistance of the inter- 
electrode gap, However, they do not provide a solution 
to the problem of automatic process control, 

In spite of the fact that the aluminum industry has 
existed for a long time, there is still no all-embracing, 
scientifically grounded theory of aluminum electro- 
metallurgy, i,e,, the electrolysis of fused cryolite-alumina, 
and no mathematical dependencies have been found be- 
tween the output -as a function of current, the specific 
expenditure of electric energy and the various parameters 
which determine the process under industrial conditions, 

Today, obtaining mathematical relationships between 
the parameters of processes which occur in complicated 
physicochemical, electrodynamic and thermal conditions, 
on the sole basis of theoretical investigations, is tremen- 
dously difficult and unrealistic, The existing process of 
electrolysis of fused cryolite-alumina belongs to those 
technological processes in which such indices as produc- 
tivity and specific expenditure of electric energy depend 
on many interrelated variable parameters,and are not 
found in a single-valued relationship with any one of them 
for arbitrary values of the remaining ones, 

Consequently, the automatic control of the process of 
fused cryolite-alumina electrolysis can be implemented 
only on the basis of an analysis of the process indices, 
namely, the output as a function of current, and the 
specific expenditure of electric energy, 

With the aims of increasing the efficiency of the 
process and of freeing the maintenance personnel from 
working in an atmosphere of noxious gases, there was 
developed an adaptive automatic control system for the 
electrolysis process which uses a computing device, the 
essence of which is described below, 

The system is based on the following assumptions, 
The electrolysis bath is considered as an insulated thermo- 
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dynamical system; the series current, the alumina con- 
centration and the composition of electrolyte in the bath 
are stabilized, The bath has a new design which permits 
complete collection of the output gases and a continuous 
supply of alumina, A single-period oscillation of anode 
motion is implemented, By the use of a computer there 
is carried out an automatic search for the optimal anode 
position, corresponding to the least value of that portion 
of the aluminum cost which depends on the state of flow 
of the process, Under definite conditions, forcing external 
stimuli are applied to the system and, on the basis of an 
analysis of the results of the process’ reaction to the ex- 
ternal stimuli, asearch is automatically carried out for 
the optimal process conditions, 

Stabilization of alumina concentration and electrolyte 
composition is introduced for the purpose of providing 
a uniform course of the process, 

Stabilization of the series current is necessary to 
eliminate the effect on the bath's operating mode of a 
disturbed operating mode in the other, series-connected 
baths, and also to eliminate oscillations, deleterious for 
the electrolysis process, of the metal’and disturbances of 
the correspondence between the form of the anode base 
and the surface of the liquid metal and, consequently, a 
nonuniform distribution of current in the electrolyte and 
in the anode base, 

Thus, the sole advantageous and practically admissible 
controlling factor for the automatic search for an optimal 











process turned out to be just the displacement of the anode 
which, in the system developed, is used as the external 
forcing stimulus on the system, 

The following requirements were imposed on the a- 
luminum electrolyzer which was to operate in the adaptive 
system for automatic process control: 

1) hermetic sealing, permitting complete removal 
of the output gases without losses and the rarefaction of 
atmospheric air, which is a necessary condition for the 
continuous determination of the indices of the process; 

2) a continuous supply of alumina and fluorine salts, 

At the Kanakerskii Aluminum Plant, there was 
developed, installed and subjected to industrial testing, 
an electrolyzer satisfying the requirements of automation, 
As the criterion of optimality of process flow there was 
chosen the degree of approximation to the least value of 
variable component of aluminum cost C,, which depends 
on the course of the technological process and mirrors the 
variation of cost of electric energy and anode mass ex- 
pended to obtain one ton of aluminum, 

Figure 1 shows the block schematic for the adaptive 
system of automatic process control for the electrolysis 
of fused cryolite-alumina, According to this scheme, 
to the controlling device, via analog-to-digital converted 
AD, the values of the variable process parameters from the 
electrolyzer transducers are applied and, from the control 
console (desk), the values of the constant coefficient and 
stabilized parameters, 
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Fig. 1. Block schematic of the adaptive system of automatic process vuntrol for the 
electrolysis of fused cryolite-alumina, E is the voltage on the bath, I is the series current, 


Nco, 


is the percentage content of CO, in the output gases, P, is the pressure of the output 


gases, V, is the volume of the output gases, tgas is the temperature of the output gases, 


Akg] is a batch of alumina, Ak we 


is a batch of cryolite, kg) is alumina concentration, 
Kcr is cryolite concentration, A is raise, B is lower and C is supply alumina, 














e 


ed 


ol 











As a result of an analysis of the applied data, the 
control device sends a control signal to the automated 
electric anode drive scheme, this signal being necessary 
for the search for the optimal anode position, The con- 
trolling device prints out the process indices and para- 
meters, both: for the optimal anode positions and for the 
intervals between them, 


The automated electric anode drive in the developed 
system provides automatic step-wise raising or lowering 
of the anode upon receipt of pulses from the controlling 
device, with the capability of regulating the magnitude 
of the translation step and of automatic lowering of the 
anode as metal is removed from the bath, 


During the period of discharging metal from the bath, 
performed every threedays and lasting only several minutes, 
the control device is switched out of the control system, 
Since variations in the temperature of the ambient medium 
have great influence on the mode of bath operation, the 
most advantageous sets of stabilizing parameter values 
are introduced into the controlling device for various 
values of the ambient medium temperature, When the 
temperature of the ambient medium reaches a definite 
value, the controlling device automatically supplies the 
stabilization circuit with the best values of the correspond- 
ing settings, 

The system must provide stabilization of alumina 
concentration, which requires continuous measurement of 
alumina concentration whose practical implementation 
poses great difficulties, In connection with this, the con- 
trolling device, in addition to the functions already men- 
tioned, is also used for the maintenance of alumina con- 
centration constancy by determining the moment when a 
definite batch is spent and is sending a signal to the 
supply device to supply the electrolyzer with the 
corresponding new batch of alumina, 


Figure 2 shows the functional block schematic of the 
controlling device, expressing the following two groups 
of operational modes; a) periodically repeating, and 
b) continuous, 

The following modes appertain to the periodically 
repeating ones; 

1, Determination of the direction of search for the 
optimal anode position, 

2. Search for the optimal position, 

3, Repetitive computation of the indices of the process 
in the optimal anode position followed by their print-out, 
and the print-out of the values of the variable parameters 
corresponding to the optimal anode position, 

4, Periodic computation, after a definite interval of 
time following the establishment of an optimal anode 
position, of the quantity C, and a comparison of it with 
the value of Cy in the optimal position, 

The following modes of operation are the continuous 
ones; 

1, Generation of signals to supply the established 
batch of alumina to the electrolyzer bath, 





2, Transmitting the proper settings to the series 
current and alumina concentration circuits upon changes 
in ambient medium temperature, It should be mentioned 
that the computation of the variable component of 
aluminum cost C,, must be performed with a very high 
accuracy, with an error not greater than 0,1%, This re- 
quirement is dictated both by economic considerations, 
and by the capabilities of technological implementation 
of the search for the optimal anode position under the 
technological conditions of the electrolysis process, 

The requirements of high computational accuracy, 
the necessity of performing the operations of storage 
(memory), many logical operations, etc,, led to the con- 
struction of the controlling device on the principles of 
electronic digital computers, The stability of the system 
is thus known to be guaranteed both for the control al- 
gorithm and for the conditions under which the search 
for the optimal anode position is carried out, 

The output as a function of current, 1, will increase 
only up to a definite point as the interelectrode distance 
increases, after which it begins to decrease monotonically, 
Consequently, the value of C, connected with the voltage 
on the bath and the formula for output as a function of 
current given in the functional block schematic (Fig, 2), 
will have a least value for just one anode position, 
According to the search algorithm, when the anode is 
sufficiently close to the optimal position, no signal is 
sent to the anode drive, and anode motion is cut off, thus 
eliminating the possibility of anode oscillations about 
its optimal position, 


The quality of the search which, in the system under 
consideration is characterized by the closeness of the 
anode to the optimal position, depends on the size of the 
anode translation step, and can be improved only by an 
experimental selection of the most successful size of the 
translation step, the capability of changing which has 
been built into a circuit of the automated anode drive, 


In conclusion, it should be mentioned that the 
implementation and introduction into practice of the 
system described here, which differs radically from all 
previously existing automation systems, are connected 
with the achievement of greater economic efficiency, The 
yearly economy due to increased output of metal without 
an additional utilization of electtic energy and also to 
the decreased expenditurefor wages with complete auto- 
mation of process control, at the Kanakerskii Aluminum 
Plant alone, constitutes some 10 to 15 million rubles a 
year for the capital outlays of less than one year, 

Economy will be obtained also by simplification 
of the ventilation system and a decreased cost of ventila- 
tion, 


The introduction into practice of the system described 
will also lead to the freeing of human beings from hard 
and unhealthful conditions, to an improvement of the 
atmospheric purity of the factories and the populated 
areas around the factories, and to a solution of the problem 
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of complete recovery and utilization of the noxious gases 
and sprays, 

The system developed opens up the possibility of a 
profounder study of the technological process and a 
gathering of the experimental! data whose statistical 


processing allows a mathematical description to be given 
of a complicated process, This enables one to determine 
the future paths and prospective development of electrolysis 
technology, to implement more accurate and economical 
designing of aluminum electrolyzers and to execute 

further perfecting of their physical design, 











USE OF ELEC TROTHERMAL ISODROME DEVICES 
FOR THE INTERCONNECTED CONTROL OF PRODUCTION PROCESSES 


G. M. Fialko 


Sverdlovsk 
Translated from Avtomatika i Telemekhanika, Vol, 21, No, 6, pp, 812-820, June, 1960 


A method is considered for the implementation of autonomous isodrome control of complicated plants by means 
of electrothermal devices, not requiring the complication of the controller's measuring elements, These devices 
are connected as identical electrothermal isodrome controllers, and differ only by the method of their connection 
in the control loop, 


A method is described for determining the parameters of such devices, starting from the autonomy conditions, 
and the results are given of an experimental verification of separated and interconnected control schemes on a 
simulation device, 


Complicated controlled plants frequently contain 1, Determination of the Parameters of the Crossover 
several controlled parameters, each of which depends on 
several controlling actions, Since the effect of the in- 
dividually acting controllers in such objects is to worsen 
the quality of the control process, this leads to the neces- 
sity of using interconnected control, an advanced form of 
which is the autonomous control scheme suggested by 
L N. Voznesenskii [1, 2]. 





Controller Communication Elements 

We consider a plant with three controlled parameters, 
on each of which all the controlling elements have an 
effect, A skeleton scheme of this complicated control 
system is shown on Fig, 1, In addition to the signal of 
the measuring element and isodrome of its own loop, 
there is applied to the amplifying element of each con- 


Ordinarily, in autonomous control schemes, the troller a communication signal from the remaining two 
communication signal between controllers is formed in controllers, These external signals are applied from the 
the measuring elements of the leading controllers, In the 
general case of isodrome control, when the isodrome b ?, 
times are not equal among themselves, it is required, for ‘ 
the realization of these communications, to complicate | 
the controller*s measuring element, and to introduce a 
communication link allowing the derivatives of the con- 
trolled parameter to be obtained [3], 
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The necessity of complicating the circuit of the / z }* 
controller's measuring element in order to realize com- 4 
munication crossovers creates definite difficulty in im- —§ 
plementing schemes for interconnected control of complex * {25} 
plants, since very frequently the measuring portion of a ‘¥ - = 
controller is simultaneously used for the purposes of D on Z, zu) 2s wy 
automatic inspection, Moreover, the use of this communi- ‘ 5 : : 
cation signal is connected with the addition of a delay pr 
to the control circuit, a delay which is ordinarily 
attributable to the controller transducer, It is therefore 
of interest to use, for communications between controllers, 
signals which are not from the transducers, but from other 
elements of the control circuit, 



































Fig, 1, Skeleton scheme of interconnected 
control of a plant with three controlled para- 
meters, 1 is the plant, 2 is a measuring ele- 


In the present work we show the possibility of ment, 3 is an amplifier, 4 is an isodrome, 
realizing autonomous control of technological processes 5 is an executive mechanism with a controlling 
by means of communications from the executive organ and 6 is a crossover communication 
mechanisms of the leading controllers, device, 
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link whose input is connected to the inputs of the execu- 
tive mechanisms of the leading controllers, The equation: 
of the individual loops of the scheme of Fig, 1 can be 
given in the following form: 


Ly= Y11%7 + Yi2Y2+ 1922+ XH, 


Ig= A,X, 
Ty= Agr, 
Lg= Ly— Tet Yat 2s 
y= As%, 
Te= Agts, 
Iy= Agrs, 
Yi= Ya1%1+ Y22¥2+ 2327+ Yor 
Y2= Buy, 
Ys= Brys, 
Ye= Ya— Yot Tet Zn ”) 
Ys= Boy, 
7 Yo= Buys, 
Yr= Bsys, 
Z1= Ys1l7+ Ys2Y2t Ys327+ 2, 
Z,= C,2,, 
Zg= CZs, 
Zg= Z3— 24+ y+ Yo» 
Zg= C5%, 
Zg= C425, 
Z,== C,2,, 


Here, Xg, Ye, Z, are the controlled parameters, xz, 
Yr Zz are the controlling actions, Xo, yo, Z» are the external 
disturbances, Vij (i, j = 1, 2, 3) are known coefficients 
of the plant which take into account the influence of the 
controlling elements on the controlled parameters, We 
denote by A,, By, Cy the operators of the individual objects 
of control, whose forms depend on the properties of these 


objects, The operators of the remaining links of the con- 
trol circuit equal 








Ag Gy, Ageég, Ajo; ie SS, 
2= a, 3 a3 4 + pT 5 PT 

b 
B,= bz, B,= bs, B= ——“*—, B,=—, 
2= 0g, Dg= 03, Dy 14 pTis ‘= oT, (2) 
C= Cs, C3= Cz, C= —*_ C= _ 





1+pTis’ —° PT cg’ 





The equations of the communication devices have 
the form 


Lg= Ky 75, rg= Kyi%5, Ya= Kys¥s, 





Yo Kgsys, 2g= Kyg2%, Zg= Ko32z, (8) 








where Kya, Kyg, Kaas Kegs Kgy, Kgg are unknown operators 
of the communication devices which must be determined, 
We obtain the following system of equations from (1) and 
(3): 


Ty= Aglg= Ap (3+ Kyigyg+ Kig2s), 
Ys= Bsye= Bo (Ys+ Kerts+ Ko525), (4) 
Zy= Cytq= Co (23+ Kgity+ Keays), 


where 


un es ‘os aun Sr ’ 
Ao= Trad, Bo“ TyB Be “ize, 


System (4) can be put in the form 


Az,— Ko,ys— Ki325= 2, 


— K4,%5+ Bys— Kys25= ys, (6) 
— Ky, %,— Kgey,+ C25= 2, 
where 
A= A,', B=B,', C = Co’, (5") 


We obtain the following expressions from (5) for 
Xge Yeo 25° 


I= 4 (Dits+ Deys+ Ds2s), 
y= < (Detst+ Diet Der), =) 
25> + (D,%3+ Deys+ Dy2s), 


where, by A, we denote the determinant of system (5), 
equal to 


A —Ky —Ki 
—Ky 8B — Kes 
— Ky — Ko: Cc 


nee (7) 


’ 








and, by D,,... » Dy, we denote its cofactors, equal to 
D, = BC — KyeKo3, Dp = Ky + KoeKis, 


Ds = Ky,K23 + BKy3, De = Kul + Kai Kos, 


(8) 
dD, = AC — KK, Ds = AK,; _ KoK,is, 


D, = KK -L BK, Ds = AKs 4- Ky Kis, 


Ds = AB — Ko, Ky. 














From (1) and (6) we get 
ty = 5 A,(Dy2, + Diys + Det), 
Yr = —% Bs (Dery + Dus + Dots), 
A+0. (9) Zp = Cy (Doty + Days + Doz). (20) 


We note that for system (5) to have a solution, it is 


necessary that its determinant not equal zero: 


Taking into account the expressions for the controlling parameters, we obtain, from {1) and (10), the following 
relationships for the controlled parameters: 


Ip = A, {se ((4,D, + M,D, + M3D;) 23 + (M,D, + M,D, + M3Dz) ys + 
+ (M,D, + M,D, + M3D,) zs] + 29}, 


Yo = By |Z MaDy + MyDg + MeDz) 25 + (MaDz + MgDs + MoD) ys + : 
(11) 


+ (MDs + MyDo + MDs) 24] + yo}, 
1 
ty = Cy | [(M Dy + MgDg + MyDz) 25+ (MzDz + MgDs + MeDs) ys + 
+ (MDs + MD, + MyD) 25] + 0} 
with the notation 
M,=%1As, M2 = 128s, Ms = YisCs, Ma = 1214s, Ms = 228s, 
M, = 230s, Mz =n As, Mg= 1328s, My = Y33Cs. (12) 
We obtain the following autonomy conditions from We consider determinants A, and A,, which have 
(11): two identical rows in common, It is well known that the 
M,D,+ M,.D,+ M,P,=0, condition for a third-order determinant to equal zero is 
M,D, + M.D, +M;D, =0, the equality, or proportionality, of the elements of two of 


itsrows or columns [4]. On the strength of this property, 
we obtain the following relationship between the common 
rows of these two determinants*: 


M,D,+M,D,+M,D,=0, (13) 

M.D, -f M,D, oS M,D, = 0, 

M,D, + M,D,+ Mob, =0, 

M,D, + M,D, + M,D, = 0. S.. ie i.e 

MM; ~ —™, ~~ Ms" (15) 

In accordance with (8), the communication operators 3 3 8 

being sought, Kize Kise Key, Keg, Kay, Kgq, enter into the ex- 

pressions for D,-Dy. We consider a method of determining 

these operators, starting from the autonomy conditions, 

These autonomy conditions (13) can be given in the i anal 7 Rhy ay” (15") 

following form: . 


From (15) we obtain the values of the operators: 


A —Ky, — Kis 


Ai=| Mm M, M,\= 0, By an analogous consideration of determinant pairs 
— Ky, — Kg C Ay, Ag and Ag, Ag we get 
A— Ky. —K4s; 
A; =|—Ky B — Ky, |= 0 
’ M e M 
M, My Ms Ky, =— By’, Ky=—By, (16) 


M, M; Ms 











As=|—Kyn B —Ky |=9, 
—Ky — Ko Cc 
A —Ky —Ky Kyn=— CF, Ky =— CF. (17) 
4g=|—Kyn B —Ky |=0, 
Me Ms Me (14) By using the expressions obtained for the communica~ 
M, My M, ion operators between the controllers, we can show that the 
A; sSi<— Ku Be Kas = 0, 
—Ky—Ky C * This solution is unique, since the proportionality of the 
A —Ky—Kis other rows in determinants A, and A, leads to a zero 
Ac=| M;, Ms, M,|=0. value for the determinant of system (5), which contradicts 
—Ky —Ky, C (9). 
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requirement that the determinant of system (5) not equal 
zero reduces to the meeting of the condition 


Yu Yis Yis 
Yat Yao Yas 
Ja1 Ys2 Yes 


+0. (18) 








This condition is usually met in actual objects of 
control (plants), 

By substituing the values of A, B, C and My,...,» Mg 
from (5°) and (12) in (15°), (16) and (17), we get 


Yor 957 og (1 + 55,) (1 + pT},) 




















Ky = eS T 5555 a + pT },) ’ 
an Ys1 a,7.,(1+¢,¢,) (1+ pT};) 
ae T'o1°5%s (1+ pTj,) ’ 
ae The bo (1 + a,a,) (1 + pT'1,) 
“ Tu T 9454s (i+ pT},)’ 
(19) 
K.. — — 122 PoT es (i + ey%) (1+ PTs) 
- 133 To9°5°s (i+ pT’ ;,) ’ 
K tis “eT o (1 + 45%) (1 + pT1,) 
e Tu Tog%5%3 (i+ pT ),)’ 
K,. = 128 eT eat + b5b) 4 + PTI) 
- Tob, b, (1+ pT;,) ' 
where 
’ 7 » T ’ T 
I I2 _— Is 
T= Thee! = Te bb? = Thee 
(20) 


The following relationships usually hold in isodrome 
controllers of production processes: 


3M, > i, bgb, > :. Cog > 1; 
T 13> (10 — 100) 7°}. (21) 


By taking (21) into account, we can present the 
communication operators in the form 


Ter %5 Tog b, 


K,,= -—- - => Tt 
” Yoo Te, 55 1+ PTI,’ 
K 131 % Tes % 
2 => — — 
7 T c 1+ pT}, 
sstci %s (22) 
Kon i eS 
ai Tu Tee % 1+PTI, ’ 
% F c 
Ro tn eae $ 






Tu%es % 1+ PT), ' (22) 
ae —= = b, (cont.) 
3 
Yeo Veg 55 1+ PTY, 


From (22) one easily deduces the structure of the 
communication operators for plants with n controlled 
parameters; 


T , 

Kyi =— 7 E Eq, (23) 
where E, and Es denote, respectively, the isodrome opera- 
tors and the operators for the controlling organ with an 
executive mechanism for the individual controllers,T 

The communication operators of (22) can be realized 
by electrothermal devices of the isodrome type whose 
heater windings are connected in the output circuit of 
the leading controller's amplifier, and whose thermocouples 
are connected at the input of the driven controller's 
measuring element, The time constant of this communica- 
tion device must equal the isodrome time of the driven 
controller, and the transfer factor of this link depends 
solely on the ratios of the parameters of the two control 
contours: driven and driving, 

The method described for the realization of the 
connections (communications) between the controllers 
in order to obtain autonomous control allows one to 
eliminate the delays of the driven controllers’ measuring 
elements, and to increase the dynamic control accuracy, 
Realization of these communications by means of electro- 
thermal isodromes with even tuning of the isodrome times 
(5) is particularly valuable for the autonomous control of 
inertial plants,t 


2, Experimental Verification on a Simulator of the 





Interconnected Control Scheme 

For the purpose of verifying the effectiveness of the 
method suggested for realizing connections in interconnected 
control schemes, an experimental investigation was carried 
out on a simulator for systems of individual and of inter- 
connected control, In its technological features, the 
simulator is a model of one of the portions of the drying- 
absorbing section of a plant for sulfuric acid production by 
the contact process, 

Figure 2 shows the block schematic of the simulator, 
To monohydrate absorber I, with a closed sprinkling cycle, 
there is applied acid Q, with concentration S, and acid 
Q, with concentration S,. To tower Il, there is fed mono- 
hydrate Q, of concentration S3, and water Q,, Dried acid, 
of quantity Q, and concentration S,, is applied to pump V 





t The validity of formula (23) was also verified by the 
author for a plant with the number n = 4 of controller 
parameters, 

+ For isodrome times up to 500 seconds, autonomy can 
also be realized by the dynamic connections of the VTI 
system [6], 
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in supply tank III and, from there, to absorber L. The 
continuous separation of the process output is realized by 


flows Qs and Q, 









































Fig, 2, Block schematic of the simulator, 

I is the absorber, II is the tower, III is the 
supply tank, IV is the cooler, V is the pump, 
C, and Cy are the controllers of acid concen- 
tration, C, is the controller of acid level; 1 is 
the concentration measuring transducer, 2 is 
the level measuring transducer, 3 is the con- 
trolling valve with executive mechanisms, 

4 is the disturbing organ, 


In this simulator, there was an automatic maintenance 
of constant concentration S, and acid level H in absorber 
I, and acid concentration S, in tower Il, Acid level in 
this tower was kept constant by an overflow drain, 

With individual operation of the controllers , con- 
troller Cy of monohydrate concentration controls the 
quantity of dried acid Q, applied to absorber I, mono- 
hydrate level controller C, controls the quantity of mono- 
hydrate Q, applied to drying tower II, and controller of 
dried acid concentration C; controls the amount of 
water Q, applied to the drying tower Il, For the dynamics 
of the controlled parameters, the following differential 
equations are valid: 


AS = Ay (a, AS; + aAQ, + 2,40), 





AH, = B, (AQ, + AQ, — AQ,— AQs), (24) 
AS, = C, (a,AQ, + a,AS3 + a AQ,), 
where 
e7Pts { ea Pts 
A.=T7oMn’ Bi=>F: O=T5T,’ 
fe aa rg mat MMAR etn CU 
'Qs (Q,)* (Q,)* 
(24°) 
°s° ° °s° 
eye afl menage te = sala. 
(Q, + Q,)? Q,+ (Q,+Q,)? 
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Here, we have adopted the following notation: p is 
the differentiation operator, T, and T, are the time con- 
stants, respectively, of absorber I and tower Il; 7, T, 
and 7, are the lags of the controlled parameters; F is the 
image surface of the acid in tower Il, A superscript of 
zero denotes the corresponding quantity in the system's 
equilibrium state, 

Analysis of the right members of Eqs. (24) shows that 
the deviation AS, from the actual variationsofA Sy, as well 
as the deviation AS, from the actual variations of ASs, 
are less than the changes of these controlled parameters 
from other disturbances, By neglecting these influences 
in the given investigation, we obtain the following equa- 
tions for the simulator inputs in general form: 


Xy = YaaX7 + Xoo Ya = YouX7 + Yoo¥7 + Yoo 


% = Ys2¥7 + 33927 + Zo» 


(25) 


where x;, yy, 2 are the plant's inputs, xz, yz, Z7 are the 
controlling flows, ¥33 = %g, Yo = 1, Yoo = -1, Ys2 = Ms 
Y¥33 = Mg Xp = APAQy, Yo = 4Q—AQs and 2% = 0, 

The apparatus used on the actual plant was set up on 
the simulator, All controllers were electrical with electro- 
thermal isodromes and with constant servomotor speeds, 
The optimal parameters (internal connections) of the in- 
dividual controllers were determined from the conditions 
that the transient responses have damping degree y = 0,8 
and minimal squared deviation of the controlled para- 
meter [7]. The simulator parameters are given in Table 1, 

The operators of the electrothermal devices of the 
controllers’ crossover communications were calculated by 
the methodology presented previously. 

According to (22), with account taken of the coeffi- 
cient matrix of the simulator and the parameters of the 
individual control circuits, we have 


oO” ets Oe 
Ky = 6.05 =— + 2.4p’ 


Ki: — 0, Kj; _ 0, 
(26) 
, “yale | an 1 + O.2T p 
Kos = 0, Ks — 0, K 5 — 60.5 1 wr a 3.6 p- . 
The actual controller connections were realized by 
electrothermal isodromes whose operators were equal to 
6.05 , 57.5 
Aa = 1+2.1p’ Ka = 14+ 3.5 p* 
The method of testing was the following: Two forms 
of external disturbances were communicated to the simu- 
lator: a) the quantity of acid Q, applied to absorber I 
was varied; b) the quantity of acid Q; withdrawn “from 
stock" was varied, These disturbances were communicated 
to the simulator both for individual operation of the con- 
trollers and for the interconnected control scheme, The 
results of the tests are given in Table 2, | 
The simulator tests show that, with interconnected 
control, the dynamic deviations of all the controlled 
parameters were less by 20% than those with individual 
control, The same verification of an interconnected con" 


(27) 
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trolled assembly under production conditions in a chemical 
plant showed a decrease in dynamic deviations of the 


controlled parameters of 33%, 


SUMMARY 


The paper demonstrated the possibility of obtaining 
autonomy in interconnected control schemes for tech- 
nological processes by means of simple electrothermal 
devices analogous, in their physical design, to electro- 


thermal isodromes, The initial data for determining the 
parameters of these devices are the parameters of the 


leading and driven controllers, The paper gives the me- 
thod for determining these parameters, An experimental 
verification of the method suggested for realizing cross- 
over communication on a simulator showed the capabilities 
of increasing dynamic control accuracy, The advantages 
of this method of realizing autonomy in interconnected 
control schemes for technological processes are: 

a) simplicity of introducing autonomous or inter- 
connected control in individually acting controllers; 

b) no necessity to complicate the controllers’ 


measuring elements; 


c) capability of obtaining large time constants, which 
is particularly important for inertial plants; 











Controller parameters 
Ra i a2, a § 
Ta | %H,SO,| mv > & |4 Ce 
" |e iénea) © > |& BE | |K 
1/ min | 7 HpSO, . : * : Ta 
(cm/1/min)(™v/emy o te w 
— Se ee a — 
0,094 | —0,23 | 18,9 6.0 1,47 0,27 3.5 0.42 |15,9 
0.0312} 21,9 0,393 1,62 1.63 {0,284 |) 197 | 0,314} 50 
0,52 0.076 |48.6 0.42 2.18 0,57 3,65 1,0 1,66 
Individual control Interconnected control 
= tim. 12 52° 100 
mean parameter | mean devia- mean parameter] mean devia- 5; 
value tion (64) tion (6 >) 
0.65% HySQ, | 0.0076% H,SO, 0.65% H,SO, | 0.00628% H,SO,| 82.6 
33.6 cm 0.5 cm 33,7 cm 0.4 cm 80,0 
0,275 HeSO, | 0.021% Hp»SO, 0.276% HySO, | 0.0169% HySO, | 80,5 


d) simplicity of physical design and reliability of 


operation, 


These advantages allow one to recommend the intro- 
duction of electrothermal communication devices in 
autonomous control systems, 
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As applied to chemical production, automatic 
control, in the overwhelming majority of the cases, re- 
duces to stabilization of the processes by maintaining 
the constancy of indirect parameters; temperature, 
pressure, discharge, level, etc, Such control satisfies the 
requirements of a given yield and quality of the end 
product only under the condition that the composition 
and quality of the raw material are constant, If these 
conditions are disturbed,the necessity arises of manually 
resetting the data transmitter mechanisms of the majority 
of controllers, More complete automation of a process 
can be achieved only by control in accordance with the 
indicators determining the quality (composition) of the 
selected intermediate and end products, With this, the 
task of process optimization still rests with the operator, 
The transition to complete automation can be made if the 
optimization is implemented automatically, 

Below we provide several examples of control by 
qualitative indicators, 

A typical process in chemical industry is continuous 
fractionating, The requirements of obtaining fractiona- 
ting products of a strictly given composition ,with a sim- 
ultaneous intensification of the process and an increase 
in its economy, can be fulfilled only with complete 
automation of the fractionating column, The use of 
automation is the more important when the components 
to be separated have boiling points which are close to- 
gether, and whenthere is withdrawal of intermediate 
fractions, 

In this case, a beneficial effect can be achieved with 
cascaded control with the simultaneous use of quality 
(composition) controllers of the end and intermediate 
products, 


As is well known, for stable operation of any fractiona 


ting column, it is necessary to have an equality of the 
material and heat flows entering and leaving the column, 
With this, the consumption of heat for separation must be 
minimal, Moreover, for the withdrawal of distillate, vat 
residue and intermediate fractions with a minimum of ad- 
mixtures, it is necessary to maintain a definite form of 
the composition distribution curve along the height of 

the column, 


We consider a scheme for the automation of a 
fractionating column as applied to the rectification of 
alcohol (Fig, 1), In the initial product which is to be 
rectified, the constitution by weight is 48% ethyl alcohol, 
50% water and 2% higher alcohols, The rectification task 
is to obtain a distillate whose weight composition must be 
89-90% ethyl alcohol and not more than 0,1% higher 
alcohols, with a vat residue (fusel water)* containing no 
more than 0,01% ethyl alcohol, and intermediate fractions 
containing 10-12% higher alcohols, 

The scheme can also be recommended for the separa- 
tion of other mixtures, 

To control the supply of raw material (the inter- 
mediate product of the low-boiling fraction), discharge 
controller D is used, its setting being established by the 
production personnel as a function of the presence of raw 
material and the required productivity of the column, 

For the control of the composition of the vat product 
(fusel water) and the cumposition of the intermediate 
fractions — the higher alcohols — three-stage assembly Kry 
is used, The first stage of the control assembly acts on 
the valve installed on the steam supply line from the 
boiler, The rate of steam discharge is established auto- 
matically from the output quantity of the second stage 
which measures the temperature in the steam area of the 
column's fifth plate, The dependence of the amount of 
higher alcohols accumulated in their tap-off zones (the 
third, fourth, fifth and sixth plates) on the temperature in 
the steam area of the fifth plate (this temperature equals 
96 to 98°C) has been theoretically established and ex- 
perimentally verified, in its turn, the assignment of the 
temperature is automatically established from the output 
quantity of the transducer measuring the alcohol loss in 
the fusel water (third stage), 

Operation of controlling assembly Kw proceeds in the 
following manner; The controller's temperature data 
transmitter on the fifth plate is set to its least value, the 
controller's alcohol loss data transmitter is set for minimal 


**Fusel water" (*fuzel'naya voda") is apparently the Rus- 


sian term for the mixture of fusel oil and water left as resi- 
due after distillation of the alcohol [Publisher's note}, 
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Fig. 1. Schematic of an automated alcohol 
fractionating column, 1) Intermediate product 
of low-boiling fraction, 2) column, 3) con- 
denser, 4) storage tank, 5) cooling water, 

6) rectified alcohol, 7) fraction of higher 
alcohols, 8) saturated water vapor (for 
measuring losses), 9) heating steam, 10) boiler, 
11) fusel water (vat product), 12) steam con- 
densate, 


loss, If the actual loss turns out to be greater than the 
admissible value, the temperature assignment is auto- 
matically changed, increasing the assigned temperature 
value on the fifth plate, As a result, the application of 
steam to the "concentrated" vat product is increased, 

The three-stage controller just described makes it 
possible to control the contents of the vat product and the 
intermediate fractions by controlling the application of 
steam as a function of the changes of two parameters,and 
by establishing the required tap-off of the intermediate 
fractions, The presence of this cascaded controller virtu- 
aliy eliminates the disturbing stimuli which arise due to 
oscillations in steam pressure, As a result of its operation, 
the assembly automatically expends a minimal quantity 
of steam; a further decrease in steam supply leads to an 
increased loss of alcohol in the tapped-off fusel water, 
Withdrawal of the intermediate fractions occurs from the 
zone of maximum concentration, 

For the control of the required composition of the 
final product (the distillate),cascaded control is also used, 
Two-stage controller Kr consists of a controller of reflux 
discharge which acts on the end product return valve, 
The assignment of reflux discharge is automatically es- 
tablished by the end product composition transducer, This 
transducer is installed on the tenth plate from the top 
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where, for an insignificant change in composition, there 
occurs the greatest change in the transducer's output 
quantity, 

The equality of the thermal flows entering and leaving 
the fractionating column is maintained by the elasticity 
of the steam in the column by means of two-stage control 
assembly S, consisting of a discharge controller which acts 
on the supply of cooling water, The assignment of the dis- 
charge is automatically established from the pressure 
transducer, The balance of the material flows is main- 
tained by level controller Y,,, in the vat column, acting 
on the withdrawal of the vat product, In addition, control 
is provided for the withdrawal of distillate from the tower 
by end product controller Yep. 


With the use of the control system just described, the 
column operates completely automatically, If the opera- 
tor has increased the supply of raw material for rectifica- 
tion, then, in the column, there will be a decrease in 
temperature (thanks to the introduction of the additional 
quantity of raw material), the temperature controller of 
the three-stage controller operates,and the assignment of 
steam supply to the column vat is increased, As a result 
of the increased supply of steam, the pressure in the 
column is raised, With this, the pressure transducer of 
controller S changes the assignment of water discharge, 
increasing the supply, i.e., the supply of steam and water 
will be put into correspondence with the increased load, 
The withdrawal of distillate and vat product is also in- 
creased automatically, With the introduction of an 
additional quantity of raw material into the column, the 
concentration of alcohol on the plates is increased, With 
the action of the rectificate composition transducer, the 
supply of reflux is decreased, the level in capacity of the 
end product is increased, and withdrawal of rectificate is 
increased, With an increase in raw material supply, there 
is also an automatic increase in the withdrawal of the 
higher alcohol fractions, Obviously, the scheme will 
operate analogously if there is an increase in alcohol 
content of the raw material supplied, 


To implement the scheme just described, there 
were developed special quality indicator transducers for 
determining rectificate, vat product and higher alcohol 
fractions composition, 


The operation of the instrument for distillate com- 
position is based on a comparison of the buoyancies of the 
vapors of standard fluids and the vapors found in the 
column, The standard fluid fills a hull whose inner surface 
is a bellows; the hull is mounted in the column, The 
pressure difference experienced by the bellows is trans- 
mitted, via a special frictionless gasket, to the pneumatic 
compensation system, The pressure of the compensating 
air is proportional to the difference in buoyancy, i.¢., 
to the composition of the vapor at the corresponding point 
of the column, The instrument can be used for binary 
mixtures, For multicomponent mixtures, the instrument 
is useful only in the case when the content of all the com 











jur 
on 
ins 
vat 


to 

alc 
Th 
aut 
fro: 
tor 











\- 


the 


rface 


atic 
ing 






























-— —- -— = 



































Compressed | 
air ri 




















<4! 











Fig. 2, Schematic of the instrument for measuring concentration of the higher 
alcohols, 1) Column, 2) valve membrane, 3) stopcock, 4) photoelement with 
lamp, 5) higher alcohol fraction, 6) storage device, 7) pressure measurer, 8) con- 


trolling block, 9) concentration measurer, 


ponents (apart from the investigated ones) remains in- 
variant, 

The transducer for determining the composition of the 
vat product (the instrument for determining the loss of 
alcohol in the fusel water) works on the basis of the 
phenomenon that the boiling temperatures of the pure high- 
boiling component and the vat residue are different, If, 
in the vat area of the fractionating column, there is in- 
troduced an insignificant amount of saturated water vapor 
(high-boiling component),then, from the magnitude of 
temperature difference between the steam just introduced 
and the steam already existing in the column, one can 
determine the content of the highly volatile component 
(alcohol), For this, the pressure of the introduced steam 
must equal the pressure in the column, for which the 
delivery of the steam is implemented via a valve and the 
condensation chamber, The temperature difference is 
measured by resistance thermometers (200 ohms) in con- 
junction with a standard electronic bridge scaled for 
one-ohm impedance differences, Thermometers are 
installed in the condensation chamber and in the column 


vat, 
The instrument for determining the composition of 


higher alcohols operates periodically with a cycle of 5 
to 6 minutes on the principle of stratification of the higher 
alcohols in a saturated solution of sodium chloride (Fig, 2). 
The command instrument (a timer) every five minutes 
automatically extracts a specimen of definite volume 
from the corresponding plate and mixes it with a propor- 
tioned volume of sodium chloride solution, After mixing, 


stratification occurss the higher alcohols, being lighter, 
are distributed higher, Thanks to the choice of the proper 
dyes, the layer of higher alcohols is sharply distinguished 
by its color, Compressed air, automatically supplied after 
stratification, forces the mixture into a measuring con- 
tainer where a device with a photoelement reacts to the 
passage of the plane of stratification of the higher alcohols 
from the remaining components of the solution, With this, 
there is ascertained, and stored, the air pressure, which is 
proportional to the volume occupied by the higher al- 
cohols, The stored pressure acts on the controlling valve 
installed at the outlet from this plate, Simultaneously 
with the storing of the pressure,there occurs a decantation 
of the fluid from the instrument and the withdrawal of a 
specimen from another plate, A cycle during which there 
is established the necessary withdrawal from the four 
tables occupies from 20 to 25 minutes, Moreover, the 
instrument determines and fixes the mean content of the 


-higher alcohols in the common collector, so that a full 


cycle takes about 30 minutes, Since the redistribution 
of the higher alcohols occurs slowly, cyclical operation 
with a 30-minute period is fully justifiable, 


The control system just described was implemented 
at one of the factories and operated successfully for more 
than a year and a half, As the result of its introduction, 
the expenditure of steam and water per ton of raw material 
was decreased by approximately 4 to 5, the productivity 
of the aggregate was increased by 5%, disruptions of the 
technological regimen were eliminated, and, in particular, 
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Fig. 3, Schematic of an automated column for hydrocarbon separation, 
1) Ethane-ethylene group, 2) ethane fraction, 3) propane-propylene fluid, 

















4) gaseous propane-propylene, 5) ethylene fraction, 6) propane-propylene 
vapor to the compressor, 7) condenser, 8) column, 9) boiler, 


there was a decrease in the losses of alcohol in the fusel 
water, 

On the same principles there was constructed a control 
system by quality indicators for another fractionating 
process, intended for the separation of hydrocarbon mix- 
tures (Fig, 3), 

The rectifier is supplied with an ethane-ethylene 
fraction with an admixture of methane and propylene, 

The fraction has a nonconstant composition, The distillate 
withdrawn is the ethylene fraction with a minimal con- 
tent, while the vat product is the ethane fraction with a 
minimal oe content, The pressure in the column 

is 22 kg/cm’, 

The column vat control assembly Kk, consisting of a 
heat carrier discharge controller and a vat composition 
transducer, varies the supply of heat carrier to the column, 

Column top controller Kt, consisting of the ethylene 
fraction (distillate) discharge controller and the distillate 
composition transducer, varies the withdrawal of the 
distillate, 

Equality of the flows of entering and withdrawn 
materials is maintained by level controller LC, acting 
on the withdrawal of ethane, Equality of heat flows is 
controlled by pressure transducer P, acting on controller 
Kt and then on the withdrawal of ethylene, 

The quality of the upper product (the distillate) is 
determined by the temperature difference between two 
points fastening parts of the column, For different dis- 
turbing stimuli, worsening the distillate composition, an 


578 





increase in the content of ethane in the ethylene occurs 
more intensively on the lower plates, i,e,, "contraction" 
of the column begins, leading to an increase in the tem- 
perature difference, Conversely, with an increase in 
saturation of the column by ethylene, a decrease in the 
temperature difference occurs, It should be mentioned 
that pressure oscillations in the column have little effect 
on the magnitude of the temperature difference, The 
temperature difference is determined by resistance ther- 
mometers in conjunction with one type EMD instrument, 
calibrated for a measurement range of 0 to 5°C (the 

range of temperature differences), Experimental results 
have established that the most characteristic points are 
plates 47 and 80, The output quantity of the temperature 
difference instrument changes the assignment on the 
ethylene withdrawal controller, In view of the large 
capacity of the column and the large magnitude of the 
transient and transfer lags in the scheme, there were in- 
troduced additional correcting pulses as functions of the 
speed of variation of the magnitude of the load on the 
column, i,e,, as functions of the speed of variation of the 
fundamental disturbing stimulus, These pulses are formed 
by means of a lead block and the controlling block and, 
in conjunction with the pulses for the temperature differ- 
ence between plates 47 and 80, act on the assignment of 
the ethylene withdrawal controller (assembly a), It should 
be taken into account that, when a mixture containing 
methane is supplied to the column, the instrument for the 
temperature difference between plates 47 and 80 begins to 
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Fig. 4. Scheme of the automation of a direct ethylene hydration process, 
1) Fresh gas, 2) return gas, 3) exhaust, 4) compressor, 5) heat exchanger, 
6) water vapor, 7) reactor, 8) neutralization T-bend, 9) alkalized water- 
alcohol condensate, 10) water-alcohol condensate, 11) end product tank, 
12) specific gravity transducer, 13) mixing T-bend, 14) concentration pH 


transducer, 


give incorrect indications; the presence of methane also 
worsens the conditions for condensation of ethylene in the 
dephlegmator, which leads to an increase of pressure in 
the column, In view of the impossibility of condensing 
methane due to the absence of a supply of a freezing 
agent, it is drawn out from the column together with the 
ethylene fraction, i,e., the withdrawals from the column 
are increased apart from the dependency on the saturation 
status of the ethylene, To determine the methane content 
in the ethylene fraction,there is used the temperature 
difference of the phlegm and the upper part of the column, 
which is increased by the presence of methane, However, 
the indication of temperature difference can also be in- 
creased without the appearance of methane (for example, 
for a decrease in the amount of phlegm). Therefore, it 
is necessary to change the ethylene withdrawal controller 
assign: nent as a function of the temperature difference be- 
tween the phlegm and the top of the column only with the 
condition that there has been a simultaneous rise in the 
pressure in the column, For this, the pulses from the 
instruments (transducer for the temperature difference 
between the phlegm and the top of the column, and the 
pressure transducer) are applied to the right side of con- 
troller Kt (assembly b) and, if a definite magnitude is 
teached, act on the switching block SB, thereby connecting 
the data transmitter for the ethylene withdrawal controller 
with the output from the transducer for the temperature 
difference between the phlegm and the top of the column 
(or of the pressure), 

Thus, with normal column operation, the assignment 
of the ethylene withdrawal controller is established as a 


for the speed of change of the load,and for the appearance 
of methane in the column, as a function of the methane 
content with a simultaneous increase of pressure in the 
column, 


Equality of the quantities of heat entering and leaving 
the column is controlled by controller Kt from signals 
applied from pressure transducer P, 

As the transducer for end product composition, a re- 
cording chromothermograph is used, So that the chromo- 
thermograph could be used as a controller, a special attach- 
ment was developed [2] which implements the following 
functions: fixing of the ethylene's peak amplitude on the 
chromatogram, which approximately corresponds to its 
concentration, by volume, in the end product; 2) trans- 
formation of the peak amplitude to a proportional mag- 
nitude of compressed air pressure (within the limits of 
0 to 1 atm); 3) storing this air pressure until the results of 
the subsequent analysis are obtained, 

The attachment consists of a ratchet mechanism with 
a rheostat transducer, and electromagnetic relay and @ type 
EMD electronic balanced bridge; the attachment's opera- 
tion is controlled by a timer, 

As a function of the ethylene content in the end 
product, the output quantity (pressure) of the controlling 
chromothermograph attachment is changed; this pressure 
is applied to the data transmitter of the heat carrier 
(propane- propylene vapors) discharge in the fractionating 
column boilers, 

The system just described, installed in one of the 
synthetic alcohol factories, turned out to be workable, and 


function of the quality of the upper product, with corrections a prolonged industrial test is currently in progress, 
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Fig. 5, The function Qrel = f(M). 
Qe) is the relative output of 
alcohol, M is the "vapor-ethy- 


lene* molar ratio, 


The next example of process automation by quality 
indicators is the catalytic process of obtaining ethyl alcohol 
by the direct hydration of ethylene (Fig, 4). 

Concentrated ethylene with an admixture of ethane 
and methane (the forward gas) is mixed with the gas which 
did not react in the reactor (thereturn gas) and is supplied, 
via a system of heat exchangers, to an adiabatic reactor, 
After entry into the reactor, the gas is diluted in a given 
ratio by live steam in the mixing T-bend, In the reactor, 
at a definite temperature, there occurs the catalytic 
transformation of the steam-gas mixture to ethyl alcohol. 
The unreacted gas is separated in separators, is mixed 
with concentrated ethylene and applied to the compressor 
intake, where it is compressed and then is recirculated 
through the system, 

Used as the catalyst is phosphoric acid on a solid 
carrier, with part of the acid being carried off by the gases, 
so that the steam-gas mixture leaving the reactor is sub- 
jected to neutralization by the alkalized water- alcohol 
condensate, After neutralization, the water-alcohol con- 
densate is separated from the steam-gas mixture in the 
system of separators, after which it is directed to the 
fractionating column for fixing, 


The activity of the catalyst used drops during a definite 


period of use,so that the necessity of replacing it arises, 
and therefore,the process of obtaining alcohol by the direct 
hydration method is carried on periodically, 

The systems, used in the majority of factories, of 
controlling individual unconnected parameters (temperature 
and pressure before the reactor, steam-ethylene ratio, etc.) 
do not provide the maintenance of an optimal operating 
mode, for which one attains the maximum output of al- 
cohol per ton of ethylene fed through with a minimal 
expenditure of water vapor, 

For optimization of the process, an automation 
scheme was suggested which is based on the existence 
of an empirical relationship between the quantity of 
absolute alcohol obtained from direct hydration systems 
and the molar ratio of steam vapor to the circulating 
ethylene (Fig, 5), This relationship was obtained in NII 
synthetic alcohols on a reactor model,and was reinforced 
by further theoretical investigations, 
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The quantity of absolute alcohol is that quantitative, 
and, simultaneously, qualitative indicator which defines 
optimal reactor operation in the direct hydration system, 

The curve on Fig, 5 shows the presence of an ex- 
tremum, By controlling the magnitude of M, one can 
obtain the maximum output of alcohol whereby, as a 
function of the direction of the approach to the extremum, 
one can obtain the value of M corresponding to the 
minimal expenditure of steam, Due to the change of state 
of the catalyst and the disturbances of the process para- 
meters, the alcohol output curve is continuously shifted, 
and, consequently, control with the aim of maintaining 
a definite given molar ratio does not give the necessary 
effect, In the given case,it is more effective to use an 
extremal controller which automatically maintains the 
maximum productivity of the reactor in terms of absolute 
alcohol output as the cost of changing the molar ratio, 

The quantity of absolute alcohol obtained also depend 
on the reactor temperature, in that an increase in the re- 
action temperature causes the transformation of the ethylene 
to proceed more intensively and, consequently, increases 
the output of alcohol,but, with this, the catalyst is depleted; 
and there is a corresponding shortening of its useful life, 
Depletion of the catalyst is characterized by the tempera- 
ture in the lower portion of the reactor, while the degree 
of transformation of the ethylene is characterized by the 
temperature in the reactor’s upper portion, The tempera- 
ture in the reactor’s upper portion must increase as a 
function of the time of catalyst operation, In practice, 
there exists a temperature range inside of which there 
occurs a resetting of the data transmitter every four or 
five days, With an increase of temperature in the reactot's 
lower portion, the assignment for its upper portion must 
necessarily be decreased, 

The automation scheme must also provide for control 
of the pressure and concentration of the ethylene applied 
to the reactor, In addition, it is necessary to control the 
intake of alkalized water- alcohol condensate in the 
neutralization T-bend,with the aim of maintaining a con- 
stant alkalinity (pH value) of the mixture obtained in the 
reactor, 

In correspondence with all this, the scheme proposed 
for automating the process of direct ethylene hydration 
(Fig. 4) contains the following elements, 

Controller MR, maintaining the molar “steam-ethyl- 
ene” ratio and acting on the valve for the steam supply 
to the mixing T-bend, To the assignment chamber of 
controller MR there is applied the output coordinate of ex- 
tremal controller EC, To the input of controller EC there 
is applied a signal from the assembly measuring the output 
of (obtained) absolute alcohol Q, Concentration measuret 
K-2 is intended for the introduction of corrections to the 
indications of assembly Qa). 

In actual production,there occur changes in the supply 
of ethylene and, from this, oscillations in the obtaining 
of absolute alcohol, As a result, with the presence of lags 
in the system,there occurs a “false” translation of the ex- 
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tremal controller which, essentially, increases the time 
necessary for finding an optimum of the process, In some 
intervals of time, the changes in ethylene supply occur 
more frequently than the time necessary for the automatic 
determination of an optimum, To create more favorable 
operating conditions for the extremal controller, there was 
adopted, as the quantity to be optimized, the ratio of the 
quantity of absolute alcohol obtained to the quantity of 
circulating ethylene, i,e,, the aggregate's productivity of 
alcohol per ton of circulated ethylene, 

Two-pulse temperature controller T is used for con- 
trolling the reactor temperature by acting on the steam 
supply valve feeding the heat exchanger. The temperature 
assignment for the reactor*s upper portion is set by hand 
from the graphs, Over an entire run, the magnitude of the 
assignment is changed three or four times; for deviations of 
the temperature in the lower portion from the assigned 
value, there is an automatic correction made of the magni- 
tude of the assignment for the reactor*s upper portion, 
Controller T consists of two electronic potentiometers 
whose output signals are applied to the controlling block, 

Pressure controller D, consisting of standard measuring 
elements, acts on the valve installed on the gas “exhaust* 
line, ‘ 
Ethylene concentration controller K-1 varies the 
supply of the forward gas in the circulation system, An 
infrared gas analyzer, based on the selectivity of the ab- 
sorption effect of hydrocarbon gases in the infrared portion 
of the spectrum, is used as the controller's transducer, 

Control of the hydrogen-ion concentration in the 
water-alcohol condensate is effected by an electronic 
pH meter with a pneumatic output, in conjunction with 
highly alkaline electrodes, Maintenance of the pH of 
the concentration is implemented by changes in the quan- 
tity of the alkalized water-alcohol condensate introduced 
into the neutralization T-bend, In connection with the 
circumstance that the proper temperature must be given 
to the alkalized condensate, a two-pulse pH conwoller is 
used after the neutralization T-bend, i,e., there is a 
temperature correction introduced, 

To implement the control scheme, it is necessary 
to measure continuously the quantity of absolute alcohol 
obtained from the hydration system, Direct. measurement 
of the quantity of water alcohol condensate, with its sub- 
sequent concentration correction, failsto give the requisite 
effect because of the liquid's high temperature, Moreover, 
a variable quantity of alcohol is continuously introduced 
into the hydration system in the form of the alkalized 
water- alcohol condensate, 

To determine the absolute quantity of alcohol, one 
can use an equation obtained from a consideration of the 
balance of the water introduced into the reactor and the 


water contained in the water-alcohol condensate after the 
reactor, If we denote by W the weight in tons of the water 
vapor introduced into the reactor, then this same weight 
of water will be obtained at the tank's output, Denoting 
by W,, the weight in tons of absolute alcohol obtained 














from the system, and by K the fractional concentration, 
by weight, of this same alcohol, we obtain the following 
equations for calculating the quantity of water in the 
water-alcohol mixture at the system's output: 

a) for the water mixed with alcohol 


W, 
—#l (1 — K); 


b) for the water necessary for obtaining the alcohol 


— 
Maj WwW al = 7g Val = 0.39 W a). 


Here, M,, and M,, are the molecular weights of 
water and alcohol,respectively, 

By equating the quantity of water vapor used with 
the water in the water-alcohol mixture, we obtain 


Wai 7 . 
Wyap= 1 — K)+0.39W yi (1) 


or, after transformation, 


WyapX 

Wa =q—par: (2) 

In view of the absence of a device for automatically 
solving Eq, (2), it can be transformed to a multinomial, 
For this, we expand expression (2) in a series of powers 
of the difference AK = K—K,, where K, = 0,105 is the 
actual mean concentration by weight. 

By using Taylor's formula, and limiting ourselves to 
the first two terms, we obtain 

Wa) = 9.1122 Wyap + 1.14 Wy, 4K, (3) 

By substituting, in the second term of Eq, (3), the 

mean expenditure of steam, equal to 11,25 tons/hour, we 


get 
Wa] = 0.1122 Wyap + 12. 744K, (4) 


Automatic solution of Eq, (4) can be implemented by 
pneumatic adding elements of the MAUS system, Pneu- 
matic signals are applied to the adder from the steam ex- 
penditure and from concentration measurer K, The con- 
centration of the water-alcohol condensate is determined 
from the specific gravity for constant temperature, with 
the condition that the hydrogen-ion concentration, the pH, 
be maintained constant, 

In the measurement of the discharges of ethylene and 
steam and the concentration of the water-alcohol con- 
densate, there occur momentary oscillations of these 
quantities, so that there arise synchronous distortions of the 
value of the quantity to be optimized, To eliminate these 
distortions, the values of concentration and steam and 
ethylene discharges are averaged by means of integrators 
which permit the determination of total value over a 
definite interval of time, i.e., a quantity proportional to 
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the average value of the measured parameter during that 
same interval of time, An integrator consists of an 
aperiodic link with positive feedback and an adding link, 
The aperiodic link is a series connection, of a variable 
pneumatic impedance (a throttle),and a pneumatic capa- 
citance; the link's gain can be changed by changing the 
throttle opening, 

For the automatic determinations of the quantity of 
absolute alcohol obtained and of the quantity to be opti- 
mized, it is necessary to take into account that the changes 
in the discharges of the circulating gas and water vapor 
applied to the mixing T-bend occur at the beginning of 
the technological scheme of the process, whereas the 
measurement of water- alcohol condensate concentration 
occurs at the end, Lag time,determined experimentally, 
is about 8 to 10 minutes, Therefore, in the measurement 
and control systems, there is introduced a time shift be- 
tween the application of signals from the ethylene and 
steam discharge transducers and the alcohol concentration 
transducer, For this there are used pneumatic devices, 
developed in the IAT AN SSSR [3], which permit the storage 
of the discrete quantities put out by the integrators, 

In the scheme used for integration with account taken 
of a time shift (Fig. 6), it is provided that the output 
pressures from the discharge meters for ethylene DT-2 and 
for steam DT-1,and from concentration determination 
element K-2,are applied to the corresponding integrators 
with 10-minute integration times, The integrated value 
of concentration from integrator IN-3 is applied directly 
to the device for discharge measurement DM, and the 
results of the integrations of the ethylene and steam dis- 
charges are applied from integrators IN-1 and IN-2 to 
storage devices S-2 and S-4, The integrated values are 
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Fig, 6, Integration scheme with a time shift, V is 
a valve; DT-1 and DT-2 are the discharge trans- 
ducers for steam and ethylene,respectively; IN-1, 
IN-2, IN-3 are integrators; S-1, S-2, S-3, S-4, S-5 
and S-6 are storage devices; DM is the measurer 

oi absolute alcohol discharge; RI is the recording 
instrument; RB isthe ratio block; EC is the extremal 
controller; EPC is the electropneumatic command 
instrument, 
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retained in these storage elements for 10 minutes, and 
are then transmitted to elements S-5 and S-6,whence, 
with a 10-minute shift with respect to the integral value 
of the concentration, they are applied from S-5 to the RB 
block,and from S-6 to the DM block, After transmission 
of the stored values to the second set of storage elements, 
the first set is cleared for reception of the new integral 
values, 

The twinning of the storage elements is designed to 
eliminate oscillations of the integrated values during the 
switching period, Each 10,5 minutes valves V are opened 
automatically and the pneumatic capacitors are discharged 
into the atmosphere, i,e., the integrated value is cleared 
to zero, After closure of valves K, the integrators are 
again prepared for new integrations, All switching opera- 
tions are carried out by the electropneumatic command 
instrument EPC in accordance with a given graph, 

As the extremal controller in the proposed scheme, 
it was suggested that one use a type EPR pneumatic series 
controller with a stored maximum, However, in connection 
with the complexity of the control problem, it turned out 
to be necessary to introduce the following changes; 

1, On the curve of the function "relative output of 
alcohol — molar ratio” (Fig. 5), there does not in practice 
exist a clearly expressed extremum point and, consequently, 
it is impossible to use a controller with storage of the 
maximum, since a controller of this type will transfer 
to this maximum, In the case given here, it is necessary 
to provide a comparison of each succeeding value, not 
with the maximum value, but with the preceding one (to 
use a controller of the step type). 

2, Experimental data, taken off from an operating 
hydration system, showed that during a system run there 
occurs a continuous shift of the maximum in arbitrary 
directions, so that a working point lying on the curve's 
left arm actually falls on its right side, which leads to a 
sharp increase in steam discharge to the mixer for one 
and the same output of alcohol, Therefore, such an ex- 
tremal control system is necessary for which the approach 
to the extremum, for any direction of its translation, is 
always carried out on the side of the least discharge of 
steam (a controller with nonreturn to the maximum), 

3, Since the quantity to be optimized is applied 
discretely to the optimizer and does not change during @ 
10-minute period, the output pressure from controller EC 
will continuously change, attaining an inadmissible mag- 
nitude, It is necessary to provide a limitation on the time 
of change of the output pressure, 

4, The “steam-ethylene® ratio varies only within 
definite limits, given by the technological regulations, 
since it is necessary to establish a limit on the pressure 
at the controller*s output. 

In the scheme described, the transition to a step-type 
controller was implemented by installing a block for the 
comparison of the last magnitude p;,,, with the previous 
one Prrey This block is so adjusted that.a change in 
direction of the controller's output pressure (reverse) 








eid: eah o>» the ap A. a .«.. 














occurs, not only when Pj ac < Ppreys but also for Piast = 


= Pprev +Ap, where Ap isa previously given small 
pressure, 

The simultaneous installation of two comparison 
blocks (last magnitude with the maximal and with the 
preceding magnitudes) andlogical elements for conjunction 
and disjunction permitted the implementation of approach 
to the maximum from the side of the least expenditure of 
steam, The limitations introduced into the controller 
were implemented by means of a signalling relay and 
logical disjunction elements, and the step-function output 
from the controller was achieved by installing a pneumatic 
interruptor, controlled by command instrument EPC, 

Use of this scheme permitted the transition to a com- 
pletely automatically controlled direct ethylene hydration 
aggregate, Preliminary tests showed the capability of 
essentially increasing the output of alcohol, The use ofthe 
automation scheme turned out to be particularly effective 
at the ends of the system's runs — output was increased by 
15 to 25%; the increase in alcohol output at the beginning 
of the run was about 5 to 8, The figures just cited were 
obtained by integrating the curves of alcohol output at the 
beginning and end of runs with the control system switched 
in, and switched out, It was simultaneously found that the 
optimal magnitude of the “steam-ethylene” molar ratio 
is lower than that established by the chart of the technolo- 
gical regimen, Thus, for the optimal recommended molar 
ratio M = 0,75, the actual M, found by the extremal con- 
troller, was about 0,65 to 0.68, The transition to the lower 


















ratio gives a significant economy of steam without simul- 

taneously shortening the useful life of the catalyst, 

Testing on the efficiency of use of the entire system 
continues, 

SUMMARY 

1, The workability was verified, for several typical 
processes, of an automatic control system using instru- 
ments for quality indicators, 

2. The possibility was proven of completely automatic 
control of these processes for variable quality and quantity 
of raw materials, 

3. Special quality transducers were developed which 
provide an accuracy in measuring product composition on 
the order of 0,1%, 

4, The possibility was demonstrated of creating quality 
transducers from standard measuring elements connected 
in logical schemes, 
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CONTROL OF BOILER AGGREGATES 


V. D. Mironov 


Moscow 


DEVELOPMENT OF APPARATUS FOR THE AUTOMATIC 


Translated from Avtomatika i Telemekhanika, Vol, 21, No, 6, pp, 833-839, June, 1960 


The principles of constructing electronic sampled-data systems of automatic control are presented, 


A VTI contact controller system is considered, The path is pointed out for the further improvement of 


sampled-data control systems, 


The development of the means of automatic control 
of boiler aggregates engaged the attention of many 
specialists in the Soviet Union more than 30 years ago, 

The first serious successes were obtained in the direction 

of developing hydraulic control systems with jet amplifiers,” 
There were constructed trial specimens of various elec- 
trical systems, including photoelectronic,f induction- 
electronict and also those based on the use of a contact 
measuring instrument (including a controller with a 
"falling arc"),** Work on automation of boiler aggre- 
gates was broadly developed after 1945, The basis for this 
was the aforementioned hydraulic control system, controller 
systems with “falling arcs" and the newly developed 
“electromechanical® control systemsft which were used 

as standards in all new boiler aggregates, Further efforts, 
directed toward the development of more highly perfected 
controllers, led to the development of an “electronic” 
system®* * which by degrees displaced the other designs 

and is today the standard for the new powerful stands, 

We now turn to the consideration of modern electronic 
automatic control systems, The following principles 
underlie the systems’ construction: parallelism of in- 
spection and control, electrical methods of action, sampled- 
data character of the executive mechanisms" control, 
Prolonged,massive industrial testing of electronic controllers 
verified the correctness of the choice of these principles, 
which were also retained for the succeeding perfected 
electronic systems, 


1, The Principle of Parallelism 
Common to all the developed means of automatic 
boiler aggregate control considered is the principle of 
parallel action of the automation and inspection devices, 
In a number of branches of industry, a different system 
of inspection and control has been used until now, a system 
in which the automatic controller is connected in series 
with the secondary inspection instrument (the so-called 
“instrument” system), In this variant, a disturbance of 
the function of the inspection instrument leads to a com- 
plete disruption of the control system as a whole, 
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With parallel action of independent inspection and 
control systems (in the so-called “apparatus® type systems), 
the reliability is significantly improved, In this case, one 
arm is completely subsidiary to the second, The probability 
of disturbance of the automatic control arm is significantly 
lower here, since a fewer number of simpler elements are 
included in it, Increased reliability is furthered by the 
specialization of the functions of the control and inspection 
systems, which reduces the technical requirements imposed 
on the apparatus of each system separately, and leads to a 
simplification of the apparatus, 


2. Electrical Methods of Action 

Latterly, the development of control systems for boiler 
aggregates has confidently followed the path of using elec- 
trical means, 

The use of electric energy for implementing the 
functions of signal transmission from measuring elements 
to the controller and beyond, to the executive mechanism=- 
for purposes of amplifying signals, transforming them, 
forming the control laws—allowed one to unify homogeneous 
elements independently of the purpose of the controller, 
virtually removing limitations on the physical placement 
of the elements, 

The use of electric energy removes the need to impose 
requirements on the qualitative state of the carriers of 
auxiliary energy, requirements which arise, for example, 
in hydraulic and pneumatic systems, and which lead to 
the necessity of employing additional equipment, 

The capability of employing sensitive, low-inertia 
measuring elements possessing, as a rule, little energy, 
provides a high quality in the automatic controllers, The 
use of such elements presupposes the presence of high-gain 





* Developed by the *"Teploavtomat® Plant, 

Tt Developed by the Central Boiler-Turbine Institute (TsKT)} 
+ Developed by the All-Union Electrical Engineering 
Institute (VET). 

* * Developed by the All-Union Heat Engineering Institute 
(VTI). 
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amplifiers in the controller, since the controller*s output 
element — the executive mechanism — must possess great 
mechanical energy, This requirement is easily met by 
certain electrical (for example, electronic) amplifiers 
which, at the same time, have little inherent inertia, 

The use of electronic amplifiers simultaneously opens up 
broad possibilities of introducing simple elements into the 
controllers for shaping the control laws, 

One has succeeded in building a controller in which 
high reliability of operation is joined with diversity of 
function, universality — with simplicity of manufacture, 
the convenience of adjustments collected on one panel 
of the calibrating organ — with stability of the adjustment 
parameters, a significant range of variation of these para- 
meters with a high sensitivity and significant controller 
output power, 


3, Block Schematics 

A large role in the development of a control system 
is played by the choice of the optimal block schematic 
for the controller, In particular, it is of interest to com- 
pare the three characteristic schemes shown on Fig, 1, 

The scheme of Fig, 1a assumes the presence of am- 
plifier 2, acting on an astatic executive mechanism and 
feedback device 4, forming the device's control law, 
which shunts the amplifier and the executive mechanism, 
The capability of remote control of the executive mechan- 
ism is provided by means of device 5, 
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Fig, 1, Controller block schematics, a) A 
feedback path shunts the amplifier and an 
astatic executive mechanism, b) the feed- 
back path shunts only the amplifier, while 
the astatic executive mechanism is trans- 
formed to a static one by the use of an 
auxiliary amplifier, c) the feedback loop 
shunts an amplifier with a relay character- 
istic; the executive mechanism is astatic 
with a constant velocity, 1) a transducer, 

2) an amplifier, 3) an executive mechanism, 
4) a feedback device, 5) a remote control 
organ, 6) a controlling organ, 7) an auxiliary 
amplifier, 










































In the scheme of Fig. 1b, forming of the control law 
is implemented by feedback device4TT in a loop which 
shunts only amplifier 2, A system is formed which forms 
the control law in the form of an electric voltage (current) 
which is then processed by static executive mechanism 3, 
Since the output quantity generated by the forming device 
(properly speaking, by the controller) carries insignificant 
energy, auxiliary amplifier 7 has to be introduced into the 
executive mechanism, The ordinarily used astatic execu- 
tive mechanism is transformed to a static one (i,e,, to a 
servosystem) by shunting it, together with the additional 
amplifier, by a static feedback path, 

In the scheme of Fig, 1c, an amplifier with a relay 
(trigger) characteristic is used, which also permits formation 
of the control law within the limits of controller 2 proper, 
but without the necessity of shunting the executive mechan- 
sim by a feedback circuit (as in the scheme of Fig, 1a), 
and without the necessity of using a second amplifier (as 
in the scheme of Fig, 1b), In contradistinction to the first 
two variants, however, there is now the specific require- 
ment imposed here that the executive mechanism possess 
a constant speed, A comparison of the block schematics 
from the point of view of satisfying the basic requirements 
of their use — reliability of operation, implementation of the 
given control law, convenience of adjustment, maintenance, 
etc, — leads to the following conclusions, 

The greatest reliability of operation can be achieved 
with a controller constructed in accordance with the scheme 
of Fig, 1c, The scheme of Fig, 1a is complicated by the 
presence of the external feedback path, disturbance of which 
leads to a sharp translation of the controlling organ, The 
scheme of Fig, 1b is complicated by the presence of the 
second amplifier and the second feedback circuit; distur- 
bance of the forward path from the controller to the execu- 
tive mechanism in this case leads to a sharp displacement 
of the controlling organ, The transition from remote to 
automatic control of the executive mechanism in the 
schemes of Figs. 1 band1c also, as a rule,gives rise to sharp 
displacements of the controlling organ, 

Implementation of the given control law may be 
executed with somewhat greater accuracy in the scheme 
of Fig, 1b, and, particularly, in the scheme of Fig, 1a, 
However, when the controlling organ reaches an extreme 
position here, there occurs a disruption of the control law, 
as a result of which the controlled quantity experiences 
a significant deviation after the return of the controlling 
organ to the range of control, 

In all cases, one may achieve approximately equiva- 
lent convenience of adjustment and maintenance, 

The cost of the apparatus turns out to be approximately 
equivalent for the variants of Fig, 1a and 1c,and is higher 
for the variant of Fig, 1b, In cases when it is necessary 
for one controller to control several identically displaced 


tT Formation of the control law can also be carried out 
in the amplifier’s *forward® path without the use of 
feedback, but this entails great difficulty in its realization, 
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controlling organs, the cost of the variant constructed ac- 
cording to the scheme of Fig, 1b may turn out to be com- 
parable to, and even less than,the cost for the other two 
variants, However, this advantage is accompanied by the 
defects that arise when the controlling organ, having 
reached an “end” position, returns to the range of control, 


4, Electronic Controllers of the VTI System 

With account taken of the considerations presented 
earlier, there was developed a reasonable universal elec- 
tronic control system put in production in 1951, As the 
basic variant of this system, the structural scheme of 
Fig. 1c was realized, developed in more detail in the 
skeleton scheme of Fig, 2. The primary instruments 1, 2 
and 3 measure the necessary quantities, The primary 
instruments provide, at their outputs, a dc or ac current 
proportional to the measured quantity. Signals from the 
primary instruments are applied to the electronic con- 
trolling instrument EC, containing a measuring device, an 
amplifier and a feedback device, In measuring device 5 
there is implemented algebraic summation of the signals 
of the primary instruments and from manual data trans- 
mitter 4, The total voltage x from the measuring device 
is applied to amplifier 6, The output signal y is fed to 
feedback device 7, shunting the amplifier, and is also 
directed to the external circuit, In the executive circuit 
there are provided: switch 8 from automatic to remote 
control, remote control key 9, final amplifier (mag- 
netic starter) 10, and executive mechanism 11 with 
shaft position indicator 12, The lower portion of Fig, 2 
shows how the controller (connected in the PI and PID 
modes) processes a unit step of the input quantity x, 


In a complete electronic system there are provided 
diverse primary instruments (transducers) checking tem- 
perature, pressure, pressure drops, mechanical translations, 
ac current strength, oxygen content in gases, etc,, the 
corresponding controlling instruments, executive mechan- 
isms and auxiliary elements, Different combinations of 
instruments permit the implementation of simple and of 
complex (including connected) schemes for the realization 
of different control laws, etc, 






































Figure 3 shows a simplified schematic of one of the 
most widely distributed combinations, namely, a type 
EC-III (ER-IIIl) electronic controlling instrument permitting 
simultaneous connection of from one to three primary 
instruments with induction transformers and acting on one 
executive mechanism, Controllers of this type are used, 
for example, for the automation of boiler aggregate supply, 
for controlling the ratios of steam -air and heat-air, for 
controlling evacuation of the fire boxes, etc, 

The controller*s measuring device contains the power 
supply for the three induction transformers and a potentio- 
meter, filling the role of a manual data transmitter, To- 
gether with the transformer supplying its winding, each 
induction transformer forms an equilibrium bridge in the 
diagonal of which a voltage divider is connected, enabling 
the necessary fraction of the signal from the given trans- 
ducer to be used, The data transmitter circuit forms an 
analogous bridge as well, 

The algebraic sum of the voltages from the transducers 
(zero in the steady state) is applied to the electronic device 
which contains an input transformer and a two-stage balan- 
cing phase-selective amplifier with a relay output, shunted 
by a negative feedback path of RC elements, 

The amplifier is supplied with a variable anode 
voltage, Its first stage is connected in a parallel scheme 
and is distinguished by the presence of a capacitor which 
shunts the anode load resistor, From the output of the first 
stage is obtained a smoothed dc voltage whose sign depends 
on the phase of the input voltage. This gives the amplifier 
the property of noise resistance, i,e,, a small functional 
dependence of the output voltage on the presence, in the 
signal to be amplified, of reactive components of the 
fundamental phase and higher harmonics, The amplifier 
normally operates, for example, with a reactive signal 
at its input whose amplitude is some ten times greater than 
the controller*s zone of insensitivity. The use of the given 
amplifier permitted the avoidance of a serious disadvantage 
of ordinary ac amplifiers, namely, their too facile satur- 
ability for small noise levels, In its turn, this permitted 
the controller to be connected with primary instruments 
provided with the simplest, most reliable, induction trans- 








Fig, 2, Skeleton scheme of an electronic controller, 1, 2, and 3) primary 
instruments (transducers), 4) data transmitter, 5) measuring device, 6) am- 
plifier, 7) feedback device, 8) operation mode switch, 9) remote control 
key, 10) magnetic starter, 11) executive mechanism, 12) shaft position 


indicator, 
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Fig. 3, Simplified schematic of electronic controller EC-IIL Adjustment organs: a, b, c) sensi- 
tivity transducers, d) measuring device zero corrector, e) amplifier zero corrector, f) replaceable 
“isodrome time® resistor, g) “communication speed", h) “damper", i) “insensitivity zone", The 


remaining nomenclature corresponds to that of Fig. 2. 


formers which produce signals with noise of the character 
cited, 

There is an electric damper connected between the 
first and second stages by means of which the deleterious 
effect of pulsations of the quantity to be controlled ,which 
are observed in some cases, may be eliminated, 

The second stage is also a balancing scheme, In the 
diagonal of the bridge formed by the two triodes of the 
second vacuum tube and by two load impedances, there is 
connected a divider which supplies the controlling winding 
of the reversible polarized relay, shunted by a capacitor 
to eliminate contact vibrations, An additional improvement 
in the operating conditions of the relay*s contacts, plus the 
provision of a loop-type characteristic of the relay element, 
is attained by the use of a second winding, the so-called 
"holding" winding, which conducts current during the 
periods of contact making, and also by the use of an arc- 
arresting device, namely, semiconducting rectifiers shunting 
the external load, The relay contacts control the trans- 
mission of current pulses from the auxiliary rectifier in the 
external circuit to the signal lamps, and alsoto the feed- 
back device, ‘ 

The feedback device consists of one or two (in other 
controller modifications) series- connected RC networks, 
supplied by a regulated fraction of the output voltage 
pulse, The output voltage of this device is applied to 
the floating grid of the amplifier's first-stage vacuum 
tube, 

The controller's external circuit contains a reversible 
three-phase magnetic starter which directly controls the 
motor of the executive mechanism, Capability of remote 
control has been provided, 

The executive mechanism is a three -phase asynchronous 
motor with a two-stage reducer, The physical design of 
the mechanism includes a brake for decreasing the effect 
of “run-out", a hand wheel for manual (local) control, a 
single-pole terminal switch and a rheostat transducer for 


remote indications of the output shaft position, Modifica- 
tions of the mechanism provide output torques of 25 and 
100 kg for a shaft rotation of 90° in 30 seconds, 

Depending on the modifications of the feedback 
device, the controller, under definite conditions, approxi- 
mately implements P-, PI or PID $4 control laws with a 
wide range of tuning parameter adjustments, 

In addition to the basic devices already cited, the 
complete apparatus contains a group of auxiliary instru- 
ments which extend the technical capabilities of the 












































OY ete. wrte ys Peis . 
From ! P To *subordinate* 
primary a j —T> | controllers 
instruments. | 
Rec I 
L ee es 
From data transmitter 
Oe -g---=SS r7 ', 
From j = To controlling 
primary ! pr Rk, instrument 

















instrument 4 


From data transmitter 


cor... To controller's 
esas ! > ? pars wer circuit 
primary | es [and to special 


in | 
strument | ys ogy 





d 
c 
From controller To controlling 
power circuit . instrument 


Fig. 4, Skeleton schematics of certain auxiliary 
devices of the electronic control scheme, a)T 
EKR contactless correcting controller, b) type ED 
differentiator, c) type EOS limiter-signaller, 

d) type DS dynamic connection device, 1) meas- 
uring device, 2) amplifier. 





tt Translator’s note: The foregoing letters stand for: 
Proportional, Integral and Derivative, 













































control system considered here, Among these are; a) a 
type EKR contactless correcting controller, implementing 
the formation of a PI-law control in the form of electrical 
quantities, and intended for the stimuli to the “subordinate* 
controllers ordinarily used,* * * b) type ED differentiator, 
used for introducing into the controller a stimulus which 
depends on the rate of change of the input quantity, c) a 
type EOS limiter-signaller, intended for the automatic 
limiting of the controller's range of action and the signalling 
of the moment of limitation, d) a type DS dynamic connec- 
tion device, used for introducing connections between the 
controllers, e) a type ESP servo instrument, providing iden- 
tity of paths of motion of two executive mechanisms, etc, 
The skeleton schematics of some of these devices are shown 
in Fig. 4, 


5. Further Development of Electronic Control Systems 





Prolonged use tests of more than ten thousand electronic 
controllers permitted their weak points to be made manifest, 


About 90% of all the cases of disrupted normal controller 
functioning were due to failures of the controlling instru- 
ment amplifier’s output element — polarized relay RP-5, 
The remaing 10% of the failures were almost uniformly 
distributed between the magnetic starter and the executive 
mechanism, An insignificant number of failures occurred 
in the remaining elements, 

Further perfecting of the apparatus for electronic 
automation was executed in several stages, 

The first problem was to increase the reliability of 
performance of the polarized relay, An important step 
in this direction was taken with the development of a new 
variety of electronic amplifier which generates the output 
power necessary for the control of a more reliable relay 
of the electromagnetic type, This, by the way, increased 
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the stability of the controller's “null”, improved the 
operation of the electrical damper, and broadened the 
range of variation of the controller's adjustment para- 
meters, A further increase in the controlling instrument's 
reliability was attained by completely eliminating the 
contact element and replacing it by a contactless one, 
The given variant of the controlling instrument contains 
three twin electron tubes, the last two of which form the 
two-channel reversible flip-flop, The amplifier directly 
generates the power sufficient for controlling the magnetic 
starter, 

Improving the elements of the controller's power 
circuit entailed, as the first step, increasing the reliability 
of the magnetic starter’s operation, However, its replace- 
ment by contactless elements — terminal magnetic ampli- 
fiers — provides a real gain only when this is simultaneously 
accompanied by a radical change in the physical design 
of the executive mechanism, which must require moderate 
electric power and must possess low inherent inertia, 

The development of such an executive mechanism 
led to the creation of several models of electromechanical 
and electrohydraulic types, All of them operate in con- 
junction with fast-acting, one-stage terminal magnetic 
amplifiers, process sufficiently well-defined pulses of 
duration greater than 0,1 second, are self-braking, and 
are equipped with organs for remote and local control, 

The combination of flip-flop controlling instrument 
with terminal magnetic amplifier plus “sampled-data* 
executive mechanism forms a high-reliability control 
system which answers to the various requirements of auto- 
mation in energetics and in other branches of industry, 


***This corresponds to element 2 in the previously 
considered scheme of Fig, 1b, 
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METHODS OF INCREASING RELIABILITY AND RESPONSE SPEED 


OF STEAM TURBINE CONTROL 


V. N. Veller 


Moscow 


Translated from Avtomatika i Telemekhanika, Vol, 21, No, 6, pp. 840-848, June, 1960 


The question as to the choice of reliable control element design is considered, A description is given of a 
hydrodynamical scheme for steam turbine control and of its elements: self-centering piston, pump, accelerator, 


etc, 


The reliability of operation of an automatic control 
system and its individual assemblies essentially deter- 
mines the possibility of automating some object or 
another, Indeed, automation is called upon to replace 
human labor by the more accurate “labor® of an auto- 
maton, But, with unreliable means of automation, the 
labor of the machine operator is frequently replaced by 
the more highly specialized labor of the automata main- 
tenance men, which makes the automation of the given 
process meaningless, 

However, the concept itself of “reliability of auto- 
mata operation” is not accurately defined, 

The reliability of automata operation and automatic 
control system operation depends basically on the dynamic 
properties of the automaton or system, on the reliability 
of the physical design and on the quality of the manufac- 
ture and choice of the materials, 

In this paper, the attempt is made to establish criteria 
which would allow comparisons of automata designs in 
terms of their reliability, With this, questions of dynamic 
properties, quality of manufacture and quality of materials 
are excluded from consideration because, first of all, a 
large number of works are devoted to these questions and, 
secondly, it is desired to give special prominence to the 
necessity of creating reliable physical designs of automatic 
devices, 

By the reliability of operation of some mechanism 
or another is understood its trouble-free use, It is 
necessary to establish some criteria which would allow 
the provision of the possible occurrence of troubles due to 
faults in the automaton's physical design, Without such 
criteria, comparisons of designs in terms of their reliability 
would require many years of testing of the competing 
designs, And even under these conditions the comparison 
would be rendered difficult due to troubles in the automata 
for reasons indirectly related to their physical design 
(technological errors, faulty maintenance, etc,), 

If one analyzes the statistics of control system troubles, 
then one can turn one's attention to the disturbances in 
similar physical assemblies, Such assemblies are joints, 
springs, membranes, contacts, radio tubes, etc, 


The assemblies enumerated have one common 
idiosyncrasy — the causes of failure accumulate in them, 
In the course of time, joints wear, Springs under high 
tension break from fatigue, Membranes, just as springs, 
break from fatigue, Contacts burn out, In radio tubes, 
emission ceases, etc, The designer's problem in using 
these elements consists in this, that he must create for 
them such operating conditions that disruptions of their 
normal functioning will be completely eliminated 
or put off for the longest possible time, When, for 
random causes, difficult operating conditions arise, the 
disruptions occur in precisely these most vulnerable 
assemblies, 

On many of the turbines of old design produced 
by the Leningrad Metal Factory, there is used a relatively 
little-turned speed controller, In the majority of cases, 
this controller operates sufficiently reliably, But cases 
are known when increases in rotor vibration appeared in 
three power plants, This loading circumstance gave rise 
to a systematic breakdown of the controller spring due 
to the phenomenon of fatigue, It became necessary that 
the springs be changed, as a preventive measure, once 
in four months, Many more examples could be adduced 
to support the proposition advanced, The consideration 
of such examples leads to the conclusion that the reliability 
of any control system as, moreover, with any mechanism, 
is determined by the number of elements whose operation 
depends on the factor of time, The greater the number 
of such elements, the less reliable the control system, 
Certainly, it is impossible to compare physical designs 
solely on the basis of the numbers of such elements, It 
is necessary to take into account the conditions of their 
operation as well, Improvement of these conditions per- 
mits the reliability of such elements, and of the system 
as a whole, to be increased, 

The reliability criterion just formulated allows one 
not only to estimate the quality of the physical design, 
but also makes it possible to choose the most reasonable 
methods of improving it, and allows one to avoid creating 
designs which, while new, give no practical increase in 
reliability, 
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In this paper we present methods for increasing re- 
liability and speed of response of steam turbine control 
systems, The selection and development of these methods 
is based on the reliability criterion suggested, Thus, the 
contents of this paper are, as it were, the working out 
of an example of the use of the given criterion for 
creating rational control systems, Although the paper 
is devoted to a particular question, its results also have 
a more general value, 


Ll, A Reasonable System of Steam Turbine Control — a 





Hydrodynamical One 

The multiformity of physica! designs of control 
system assemblies for steam turbines is determined, to a 
significant degree, by patent restrictions and by the pre- 
ferences evolvedby different designers for various require- 
ments, One group consider principally engineering 
sophistication, another considers compactness, a third, 
convenience of maintenance, etc, A consequence of such 
a diversity of approaches is the difficulty of choosing a 
best solution, We shall make the attempt to analyze 
the existing speed controller designs on the basis of the 
reliability criterion, 





The physical designs of the ordinary centrifugal 
controllers with hinge joints are insufficiently reliable 
due to wear of the joints, This is supported by the fact 
that, in repairing turbines, it is necessary, as a rule, to 
overhaul the hinge joints, An increase of reliability is 
attained by eliminating the hinge joints, i.e., by making 
the transition to unjoinicd controllers, This path was 
taken by Westinghouse, Allis-Chalmers and also in the 
developments of MEI, the Stalin LMZ, and many other 
factories and organizations, 


But it is impossible to separate the physical design 
of the controller from the other assemblies of the control 
system, A unified approach to the solution of the prob- 
lem always gives better results, 


In many contemporary control systems for steam 
turbines, oiled servomotors are used, Consequently, the 
reliability of the control system depends on the reliability 
of the oil supply. The most reliable drive for the oil 
pumps is the drive from the turbine's principal shaft 
(such a drive is received by the entire turbine works), 

With this, the operation of the pump depends on the number 
of rotations of the aggregate, which permits the pump 

to be used, in the given case, as a sampled-data trans- 
ducer of the speed controller. 


Oiled servomotors, as a rule, are controlled by 
cylindrical valves, If a cylindrical valve is used as a 
piston, receiving pressure impulses from the pump, then 
a control system with one amplifier will consist of a 
pump, a valve, and a servomotor, All these elements 
are necessarily independent of the type of control system 
and, consequently, no matter what speed regulator might 
be used (mechanical, electrical, etc,), it would be an 
extra link of the scheme, Naturally, the removal of excess 
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links always increases system reliability, if, with this, no 
deterioration of control quality ensues, 

Such a control system was used by Westinghouse, 
Sultser and Simmonds-Shukkert, and by the Kirovskii 
Plant in the USSR, which supports the correctness of 
the logical deduction just made, However, all the 
aforementioned factories subsequently turned from such 
simple control schemes, An analysis of the results of 
operation of these systems under working conditions shows 
that the basic reasons for the troubles in their functioning 
are: 


1) increase of insensitivity of the spring-loaded piston- 
valve; 

2) oil pressure pulsations at the pump's output; 

3) unsatisfactory form of the pump's characteristics, 


The example just considered shows that the reliability 
criterion suggested is necessary but not sufficient, It was 
emphasized earlier that its use permitted the choice of 
the theoretically most reliable control system, but this 
sytem must, in addition, possess high sensitivity, accuracy 
and speed of response, However, this criterion permits us 
to mark out the path to perfecting a control system, If it 
is assumed that the basic functional schematic of a control 
scheme is correctly chosen, then the path to its further 
development is also clear, In the case under consideration, 
the chosen scheme becomes workable if, without lowering 
reliability and complicating the scheme, one succeeds in 
eliminating the observed causes of trouble, We present 
methods below which permit the problem thus posed 
to be solved, thanks to which the simple control scheme 
created turned out to be completely workable, 

1, Use of a self-centering piston, The previously 
known methods of increasing the sensitivity of piston 
mechanisms turned out to be inapplicable in the given 
case, With the use of an intermittent piston, static fric- 
tion is replaced by kinetic friction, but this reduces the 
friction coefficient by no more than a factor of two, 
which is inadequate for contemporary requirements on the 
quality of controller operation, The use of rotating pistons 
reduces the friction coefficient by a large factor, but 
when the piston is loaded by a steel spring, it forces a 
significant loading on the supporting bearings, reducing 
the reliability of the piston mechanism, 

The problem was solved by the creation of a self- 
centering piston [1, 2]. 

On the outer surface of such a piston two series of 
notches are made (Fig, 1), In each notch (I, Il, III and 
IV) liquid is supplied from the delivery cavity via a 
specially drilled aperture f, of small diameter, From the 
notches, the liquid flows via the gap between the piston 
and the cylinder, To prevent the fluid from falling from 
the delivery cavity into the notches, there is provided on 
the piston's surface, in addition to drill-hole f o» 4 drain 
gutter a, from which the fluid is directed to the reduced 
pressure cavity by a longitudinal drain of relatively large 
cross-sectional area, 
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Fig. 1. Self-centering piston, 


If external forces press the piston to the cylinder wall, 
then, in notch I, positioned on the side of the lesser gap 
5;, the pressure P, is increased, so that the resistance to 
the flow of liquid from the notch is increased, In notch III, 
on the opposite side, the liquid pressure falls due to the 
decrease of the resistance to flow through the enlarged 
gap 52. A pressure difference, P;-P;;; appears which, in 
overcoming the action of the external forces, tends to 
return the piston to a coaxial position with respect to the 
cylinder, The maximum pressure difference will occur 
when the piston touches the cylinder wall, In this case, 
in the notch on the side of the null gap,virtually the full 
fluid pressure Py will exist and, on the opposite side, the 
minimum possible (corresponding to the maximum gap 4). 
Under these conditions of fluid supply to notch I, the 
pressure in it will be close to Py by virtue of the fact that 
gap 5, equals zero, Consequently, the pressure difference 
will be larger, the lower the pressure Py in notch IIL, It 
is therefore necessary to attain a decrease in resistance to 
the flow of fluid from the notch, and to prevent fall of 
fluid from the delivery cavity to the notch apart from 
drill-hole fo. 

The fluid pressure in any notch is determined from 
the relationship 


ee ~~. 
pa elYi42 |. (1) 


where P is the pressure in the centering notch, and Py is 
the pressure in the delivery cavity, 
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In expression (2), # is the dynamic coefficient of 
viscosity, in kgesec/m?; fg is the area of the delivery 
drill-hole in m*; & is the gap between cylinder wall and 
piston at the locus of the notch. in meters; / is the fluid 
density in kg-sec”/m*; 1/m, 1/m, and 2b/L,, are the 
ratios of width of leakage flow to the length of the path 
to the reduced pressure cavity, 

Experimental verification [3] supported the high 
efficiency of such a method of decreasing the friction 
coefficient, 

The special feature of this method is that it can be 
used for any medium — liquid or gas, 

2. Pulsations of oil pressure at the pump‘s output, A 
study of the operation of hydrodynamical control under 
working conditions showed that the pressure at the pump‘s 
output pulsates independently of the changes in number 
of rotations, With this, the period of the oscillations of 
pressure is so great that the piston taking the pressure and, 
following it, the principal servomotor, are able to follow 
the changes in pressure, 

A detailed study of this question [4] showed that the 
causes of the pulsations are vortex formations in the oil 
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Fig. 2, Oil pump. 
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flow, Discovery of the reasons for the pulsations permitted 
the development of measures to eliminate them, 

To eliminate vortex formation before input to the 
wheel, a well-streamlined input chamber is used (Fig, 2). 
Then, before the input to the vane channel itself, there 
is employed a directing apparatus with radial vanes, To 
eliminate the effect of leakage from the lateral chambers 
on the entering oil flow, there was used a special hooked 
form of packing, Such a packing squeezes the leakage 
flow to the lateral disk wall and eliminates its effect 
on the basic flow. The use of such a form allows the use 
of packing with relatively large radial gaps, which increases 
the reliability of operation of the pump, the disk of which 
is fitted directly onto the turbine shaft, 


Vortex formation in the vane channel of the pump 
is reduced with a decrease in angle of attack, We there- 
fore adopted an angle of attack no greater than 3 to 6°, 

Disturbances of the flow at the pump's output can 
arise due to the action of parasitic flows in the pump's 
lateral chambers a (cf., Fig, 2), To eliminate this 
effect, it is more advantageous to use a directing vane 
apparatus at the pump‘s output, and not the helices which 
are the most widely disseminated in contemporary pumps, 
The vane directing apparatus has an advantage over the 
helix also inthe respect that it eliminates the possibility 
of vortex formation at the output of the directing appara- 
tus, For this, it is only necessary to have a sufficiently 
free chamber on it and, correspondingly, a small velocity 
of flow. In a helix, the velocity of flow is comparatively 
high, which can lead to vortex formation with the presence 
of any obstacle in the path of the flow. 


The pump shown ir Fig, 2, with a pressure head of 
7 atmospheres, was designed and built on the basis of the 
investigation given, The pressure pulsations at the output 
of this pump did not exceed 0,03 atmospheres, 


3, Influence of the form of the pump characteristics 
on the control process, The question of the effect of tle 
form of the pump's characteristics on the control process 
has received much attention, both abroad and in the 
USSR (cf,, for example, [5, 6]). The use of one and the 
same pump for supplying servomotors and as a pulse trans- 
ducer is made difficult by the circumstance that, when 
the piston servomotors move, the pressure head built up 
by the pump is decreased; this engenders an additional 
translation of the pulsed organ of the control system, The 
majority of factories solve this problem by using a pump 
with radial vanes, The QP characteristic of such a pump 
is close to a horizontal line so that, therefore, the varia- 
tions in discharge connected with the motion of the piston 
servomotors has virtually no effect on the magnitude of 
the pressure at the pump, But there is, with this, a sig- 
nificant decrease in the pump's efficiency, and the possi- 
bility of the appearance of vortex formation in the oil 
flow. We therefore used only pumps with vanes curved 
contrary to the direction of circumferential velocity. 
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To consider the possibilities of using such a pump, 
with account being taken of all the sets of interactions 
of the individual elements of the control system, we used 
the method of superimposing the graphs of the pump 
characteristics and the impedances. for twopositions for 
the system separated by the interval of time At [7]. 

Figure 3 illustrates an example of the investigation 
of the transient response in a control system with servo- 
motors, a two-sided oil supply and cut-off valves, The 
control scheme is shown on the same figure, The process 
of decreasing the number of revolutions (increasing the 
load on the aggregate) is considered, In correspondence 
with the graphs, we can set up the equation of motion 
of piston servomotor 3 and controller 1: 

AG RG+(B+Ban, 
where F, and z are the piston area and translation of the 
servomotor, F,, and x are the piston area and translation 
of the controller, The remaining nomenclature is clear 
from the graph (Fig, 3). 

Analysis shows that the system will be dynamically 
stable only in the case when the increment of pump 
productivity, corresponding to a change in the number 
of revolutions by the magnitude of the degree of nonuni- 
formity (corresponding to a change of aggregate load from 
free-running to complete) Ap, = Apmax, must be greater 
than the expenditure (in liters per second) of the oil 
applied to the servomotor for maximum raising of the 
valve, In [7] a detailed analysis of four variants of the 
control scheme was given, 

If, as the principal servomotors, one uses servomotors 
with circulating valves (the Brown-Bovary system), then 
it is most advantageous to use valves with double throttling 
[8] in which not only the supply, but also the drainage, 
of oil is throttled, In these valves the aperture profile 
can be so chosen that, for slow motion of the valve, the 
pressure of the fluid in the line between the apertures will 
change for an unchanged discharge of oil via the valve, 
With this, there will be the least effect of servomotor 
motion on pressure pulses, 

In other systems we recommend the use of a pump 
with two disks, wherein one isused for supplying the servo- 
motors, and the other as a pulse transducer, In this case 
there is virtually no action of the servomotor on the 
pressure pulse, 

4, Two-injector oil supply scheme, A centrifugal 
pump does not possess the property of automatic intake, 
i,e., upon rarefaction in the intake housing and the entry 
of air into it, the supply of fluid from the pump ceases, 

To increase the reliability of operation of a centri- 
fugal pump, various auxiliary devices are used, providing 
a tributary at the input to the pump, Using the reliability 
criterion, we chose an injector method of creating a trib 
utary at the pump's input (Fig. 4). The injector has no 
moving parts and therefore, as a mechanism, is very 
reliable, This method was suggested and developed by the 
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Fig. 3, Effect of servomotor piston motion on impulse pressure, 1) Piston 
controller, 2) valve, 3) servomotor, 4) pump, 5) injector, 6) constant 
throttle, 
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Fig. 4, Simplest schematic of a hydrodynamic control scheme, 1) Throttle valve servomotor, 2) cut-off 
valve servomotor, 3) piston controller-valve, 4) mechanism for checking velocity of automaton for safe 
increase of rotations, 5) spherical reverse valve, 6) filter, 7) oil pump, 8) manual control for cut-off valve, 
9) intermediate amplifier for the cut-off valve drive, 10) velocity safety automaton, 11) contro! mechan- 
ism, 12) valve control mechanism for the controlling and cut-off valves, 13) intermediate amplifier servo- 
Motor for the throttled valve drive, 14) injector support, 15) injector lubricating point, 16) auxiliary turbo- 
pump, 17) oil reservoir, 18) spare pump with an electric drive, 19) oil cooler, 
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Westinghouse Company, In the Westinghouse scheme, 
the tributary injector simultaneously supplies the lubrica- 
tion system, Therefore, the pressure at the input must be 
chosen rather high (on the order of 1 to 1,5 atmospheres) 
which increases the expenditure of power on the injector. 
For reliable pump operation, a tributary of 0,2 to 0,3 
atmospheres is sufficient. In connection with this, a 
scheme with two injectors was suggested, one of which 
supplies oil to the lubrication system and the other, to the 
input of the pump (Fig, 4). With such ascheme, the ex- 
penditure of power on the oil supply is decreased by 15 

to 25% [9, 10}. Such schemes are used by all the tarbine 
factories in the USSR, 


IL, Methods of Increasing Speed of Response of Steam Tur- 





bine Control Systems 

An increase in speed of response without a decrease 
in reliability can be obtained only with the condition that 
the use of new methods does not require the introduction 
of additional elementsto the control system, 

1, Separation of the velocity characteristic into 
static and dynamic [11]. In normal conditions of use the 
frequency of the ac line changes relatively little, There 
is a correspondingly small translation of the velocity con- 
troller’s clutch, With a break in the load (a trouble condi- 
tion),the controller's clutch shifts significantly, If, with 
a servomotor with a circulating valve, the valve axle 
bearing is made immovable, then the aperture profile 
beyond the limits of small displacements will not influence 
the form and curvature of the static characteristic, This 
ordinarily closed portion of the aperture can be made 
sufficiently wide,and then, for a break in the load, with a 
displacement of the valve beyond the limits of ordinary 
oscillations, a large aperture opens, and the degree of 
nonuniformity of control (under trouble conditions) is 
sharply decreased, which speeds the control process. 

In the given case, it is necessary only to change the 
physical design of the control mechanism (in controllers 
made by the Brown-Bovary company, the control mechan- 
ism includes the valve axle bearing) and to change the 














Fig. 5, Accelerator, 





aperture profile, which does not decrease the system's 
reliability, 

2. Use of accelerators [12]. Increases in the speed 
of response of control systems can be obtained by other 
methods as well, In particular, there is suggested a 
method of increasing the speed of a hydraulic servomotor 
which does not require the introduction of additional 
elements into the control system, 





The lower cavity of valve 3 (Fig, 5) is made closed, 
To this cavity oil is supplied via an aperture controlled 
by this same valve 3, Draining of oil from the cavity 
occurs through constant throttle 5, The pressure P, is 
determined by the magnitude of the valve displacement, 
For a slow motion of the controller*s clutch, the devia- 
tion of the valve from the middle position is small,so that 
the action of the accelerator has a small effect on the 
deviation of the valve, For a rapid motion of the clutch, 
the deviation of the valve from the center position will be 
large, and there will be a corresponding increase of pres- 
sure P,,which gives rise to an additional, significant dis- 
placement of the valve and a proportionate increase in 
the speed of motion of the servomotor's piston, 


IIL Simplest Scheme of Hydrodynamic Control [13] 

As a result of the investigation carried out, there was 
developed the simplest scheme of hydrodynamic control 
(Fig. 4). Pump 7 supplies oil to the servomotors and, via 
filter 5 under valve 3, is spring-loaded, Valve 3 of the 
double throttle controls draining and supply of oil in the 
lines of servomotor 13, By means of control mechanism 
12 one can change the oil pressure in the servomotor lines 
for an immovable valve 3, The principle of separation 
of velocity characteristics is used in the control system, 

Such a control system was used on four turbines, Two 
of them had back pressure powers of 12,3 thousand kw. 
The control system has been in successful use for four 
years, 





SUMMARY 


The reliability criterion presented permits one to 
choose and perfect control systems and their elements, 

The methods developed are widely used in the turbine 
factories of the USSR, In particular, while up until 1941 
hydrodynamic control systems were unused by the turbine 
factories of the Soviet Union, today, the majority of the 
factories use this system, and almost all of them use the 
two-injector lubrication system, 
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COMPLEX AUTOMATION OF AN OPEN- 


WITH GAS HEATING 


M, M. Gordon 


Sverdlovsk 


Translated from Avtomatika i Telemekhanika, Vol, 


HEARTH FURNACE 


21, No. 6, pp. 849-856, June, 1960 


A system is described for the automatic control of an open-hearth furnace’s thermal operating mode, The system 
consists of eight control loops connected via the plant, The questions of measuring several controlling para- 


meters are considered, 


The paper discusses the attempt to automate open- 
hearth furnace No, 14 of the Nizhne-Tagil’skii Metallur- 
gical Combine,* The furnace has a capacity of 380 tons, 
and is fired by coke and blast-furnace gases, For the 
torch candling coal tar or anthracene oil are used, while 
oxygen is used for the intensification of the combustion 
process, There is today no boiler-reclaimer furnace, 

This paper deals with the automation only of the 
furnace's thermal operating modes; stimuli to the physico- 
chemical processes occurring in the tank are not taken 
into account, 

In the development of the automation scheme, the 
following basic idiosyncrasies of the open-hearth process 
were taken into account, In the automation of an open- 
hearth furnace it is impossible to select the combustion 
and thermal loads on the basis of some previously 
worked-out program, since the furnace properties con- 
tinuously change during the course of the run; the scheme 
itself must choose the regimen which is optimal at the 
given moment, To shorten the duration of the smelting 
process (the blow) it is desirable to maximize the thermal 
load on the furnace, In the existing furnace designs this 
entails an increase in thermal efficiency, However, an 
increase in the thermal load is limited by the following 
factors; 

1, The temperature of the regenerator’s crown and 
upper checkered brickwork must not be higher than a 
limit due to the durability of the refractory material, 

2, There must be provided complete combustion of 
the fuel in the working area, 

3, Driving out of the flame from the working area 
must be limited, both by the magnitude of the heat 
losses, and by the durability of the front wall, 


Measurements 

For normal operation of a system for open-hearth 
furnace automation, it is necessary to measure, correctly 
and reliably, the aforementioned parameters on which 
limitations are imposed, Most important also are the 
questions of the dynamics of the measurement process, 
Use of the ordinary methods of measurement turned out 
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to be inapplicable for furnace automation, except for 

the method for measuring the temperature of the re- 
generators* upper checkered brickwork by means of radia- 
tion pyrometers with electronic potentiometers. Use 

of these radiation pyrometers for measuring the crown 
temperature turned out to be impossible, Lengthy ex- 
perience shows that it is impossible to provide reliable 
usage of this measurement in connection with the frequent 
slagging of the tuyere apertures, the formation of "icycles* 
in the pyrometer's field of vision, and in connection 

with the distortions due to tongues of flame reaching into 
the pyrometer's field of vision, 

A significantly more reliable crown temperature 
measurement was successfully provided by the 
subcrown photopyrometer of the Central Laboratory for 
Automation of the Ministry of Construction of the RSFSR 
(Russian Soviet Federated Socialist Republic), The basic 
part of this instrument is an antimony-cesium vacuum 
photoelement installed in a water-cooled tuyere inside 
the furnace‘s working space directly under the crown, 
The photoelement's peep hole has a diameter of 0,9 mm 
and is continuously blown off by compressed air, The 
disturbances connected with obstructions of the peep 
hole, icicle formation and flame effects are virtually 
nonexistent here, 

The measurement of pressure under the crown under 
conditions of actual use is implemented with sufficient 
reliability, The enclosed devices can operate without 
overhaul or cleaning for periods of several months, 

In [1] doubts were expressed asto whether it were 
possible to consider the pressure under the crown as a 


*The work on the complex automation of an open-hearth 
furnace was carried on jointly by the All-Union Research 
Institute for Metallurgical Heat Engineering (under the 
direction of V. N. Timofeev and G, L Shirokov), the in- 
dustrial-engineering enterprises of the Uralmetallurgav- 
tomatik (under the direction of M, M, Gordon and B, G, 
Gutner) and by the Nizhne-T agil'skii Metallurgical Com- 
bine (under the direction of G, A, Petrov and IL, N, Mik- 
hailov),. 
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quantity characterizing the gas outflow and brick loosening 
action from the furnace's working space, Contradicting 
this, the attempt to employ automation on furnace No, 14 
showed that this quantity quite accurately characterizes 
the pressure regimen in the working space and that, there- 
fore, the scheme should not be complicated by the intro- 
duction of auxiliary pulses for controlling gas outflow and 
brick loosening, 

Type RDM-35 compensation bell recorder-controller, 
heretofore used for controlling the pressure under the 
crown, turned out to be unfit. The controller‘s sensitive 
element must react to pressure changes with maximal 
speed, In addition, it must filter out the pulsations of 
pressure engendered by the irregularities of the combustion 
process. The period of the pressure pulsations connected 
with the irregularities of the combustion process is about 
3 to 4 seconds, The impulse tube, together with the 
measuring instrument (the sensitive element) constitutes 
an oscillatory link, It is important to match the para- 
meters of the impulse tube with those of the measuring 
instrument such that the period of the free oscillations 
of the sensitive element plus the impulse tube is about 
6 to 7 seconds, This can be achieved by using a mem- 
brane sensitive element and a large-diameter impulse 
tube (it to 2 inches), for a length of line of some tens 
of meters, From the point of view of filtering out the 
pulsations, an installation of the instrument too close to 
the furnace is undesirable, A corresponding instrument 
with a membrane sensitive element was constructed at the 
Nizhne-T agil’skii Metallurgical Combine, For the in- 
spection of incompleteness of combustion, it is necessary 
to carry out a continuous analysis of the flue gases, The 
difficulty of this measurement is widely known, For an 
open-hearth furnace, the problem is solved in the follow- 
ing way, The intake points are positioned on the air 
regenerators, Close to the damstone walls between the 
slag chamber and the regenerator, i.e,, where the flue 
gases are sufficiently well mixed, The flue gas to be 
analyzed is drawn off by means of a steam ejector pump. 
The mixture of gas and steam is sprinkled with water, 
causing the steam to condense, and the moisture thus 
formed is removed by means of a two-stage centrifugal 
separator, The dried and cleaned sample, under a pressure 
of several hundred millimeters of water column, is 
applied to a type MGK-348 magnetic gas analyzer trans- 
ducer, which analyzes the specimen for oxygen content, 
The air-cooled enclosed tuyere in the regenerator crown 
is periodically (for each dumping) blown off by steam, 
thus preventing it from clogging, The transport time for 
the gas specimen from the ejector pump tothe gas analyzer 
transducer is about 15 to 17 seconds for an impulse line 
some 45 to 50 meters in length, The diameter of the im- 
pulse tube is one-half inch, 

Two gas analyzers are installed on the furnace, for the 
tight and left sides of the furnace separately, The moving 
system of the gas analyzers’ secondary instruments are 
switched in only when the sample flue gases flow around 





the corresponding transducer, Switching in of the moving 
systems is implemented with a delay of two minutes after 
the beginning of dumping, Thanks to this, the gas analyzer 
does not record the transient combustion mode associated 
with the reversing of the furnace, In the control process, 

it is always that gas analyzer around whose transducer the 
flue gases flow that participates, 

Another essentially new measuring instrument is a 
design of the Uralmetallurgavtomatik, a pulsed ultrasonic 
discharge meter for coal tar and anthracene oil, The in- 
strument is not subject to clogging, since there is no 
place in it where the fluid would be stationary and where, 
therefore, there could accumulate sludge settling from 
the fluid, There are no moving parts in the instrument's 
transducer, 
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i. 2 
Crystal receiver 


Fig. 1, 


The instrument's basic element (its transducer, which 
is found in the coal tar conduit)is a U-shaped channel 
drilled in the metallic body (Fig, 1), On the front ends 
of the transducer‘s tube there are installed piezoelectric 
crystals, capable of transforming ultrasonic oscillations to 
electric waves and vice versa, Two of the crystals are 
transducers of the ultrasonic vibrations, and two of them 
are receivers, 

A pulse sent by the crystal transducer arrives at the 
crystal receiver after the time T = a/c, where a is the 
distance between the crystals and c is the velocity of 
sound in the fluid, The ultrasonic pulse received is 
transformed to an electric voltage, amplified and applied 
to the crystal transducer, which sends the following ultra- 
sonic pulse, etc, This method, as is known from the 
literature [2], provides temperature error compensation, 

If the fluid is moving with velocity v, then the intervals 
between pulses in the two channels of the transducer will 
be different, In one case, this interval will equal T, = 
= a/(c + v) and, in the other, T, = a/(c-v), 

Consequently, the pulse trains in the two transducer 
channels will have different frequencies, In the first 
case this frequency will equal 


f,=(c+ v)/az 
in the second, 
f, = (c-v)/a, 
The difference of these frequencies 
f,-f,= fj = 2v/a 
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depends only on the speed of the fluid and does not depend 
on the velocity of sound, With this, the result of the 
measurement does not depend on the temperature, Thus, 
the frequency f g is a measure of the discharge rate, 

The instrument's electronic scheme isolates the fre- 
quency fa and transforms it to a de voltage proportional 
to this frequency. The dc voltage is applied to the electric 
potentiometer, graduated in discharge units, 

The transducer’s U-shaped design permitted the channel 
diameter to be made sufficiently small, so that the instru- 
ment can measure small discharges of fluid, The range 
of the instrument's scale is zero to 1000 kg/hour, The fact 
that both transducer channels are drilled in one metallic 
body provides virtual equality of temperature in the channels 
even in the absence of discharge, This is important for the 
stability of the instrument's null, 


Automatic Control 

A simplified block schematic of the automatic control 
scheme for the open-hearth furnace’s thermal regimen 
is shown in Fig, 2, The individual loops of this multiloop 
system are denoted on the figure by the numbers appended 
to the lines, 

The control process proceeds in the following manner: 
in the filling period, when the temperature of the crown 
of the working space and the upper checkered brickwork 
of the regenerators is low, and there is no production of 


gases in the vat, pressure control in the working space is 
implemented by the rotation of the flue gas damper 
with a vertical axis, which controls the hydraulic jet of 
the astatic controller (control loop 3), The oxygen con- 
tent on the checkered brickwork of the air regenerators 
at this time ordinarily does not fall below the given mag- 
nitude (6%), and the quantity of ventilating air is deter- 
mined by the pneumatic computing scheme in corres- 
pondence with the quantity and caloricity of the fuel 
applied to the furnace, The computing scheme applies 
ventilating air with a coefficient of excess of a = 1,1 
before oxygen deduction, The thermal load is maximal 
at this time, The assigned value of oxygen concentra- 
tion — 6 % — was determined empirically, In this case, 
on the gas checkered brickwork where there is virtually 
no outflow air, there isno CO in the flue gases, 

If there is, in the charge, an uncovered oil waste, then 
the percentage of oxygen in the flue gases begins to de- 
crease even during the course of charging. In this case, 
the gas analyzer, acting on a type IP-130 isodrome con- 
troller (control loop 2) corrects the operation of the com- 
puting scheme and adds air so that the assigned percentage 
of oxygen in the flue gases will be maintained, With this, 
the flue gas damper moves closer to an open state, 

During the pig iron priming, the gas analyzer so in- 
creases the supply of air that the flue gas damper is opened 
completely. Then control of the furnace working space 
pressure enters into play by changing the thermal load, 
i,e,, by changing the discharge of coke oven gas and, 
consequently, of air, This control is implemented by a type 





04 isodrome controller (control loop 5), This controller 
acts on the adding device which controls the thermal load 
data transmitter, i.e., the discharge of coke oven gas, 

The discharge of blast-furnace gas remains constant during 
the entire smelting run, the resin is applied after draining 
of the slag from the furnace, and its discharge remains 
constant until the end of the smelting run, The discharge 
of oxygen is given by a steel mill hand, 


With vigorous. action in the vat, the amount of gas es- 
caping from the boiling metal becomes so large, ordinarily, 
that the ventilator is completely filled, and the oxygen con- 
tent in the combustion products remains low, In this case, 
when the computing scheme, as corrected by the gas 
analysis, requires more air than the ventilator can give 
(with account taken of the oxygen applied to the furnace), 
then operation of control loop 4 begins, The special dif- 
ferential manometer of this loop (not shown on the figure), 
which reacts only to drops greater than the correspond- 
ing full ventilator load, begins, by means of type IP-130 
isodrome controller, to act on the adding device controlling 
the data transmitter of the coke gas controller, As a result, 
the thermal load is decreased, In this case, the discharge 
of ventilating air always remains maximal, and the dis- 
charge of coke oven gas is reduced to a very small amount 
or even to zero, 


As the generation of gas from the vat decreases, the 
limiting actions concerned with incompleteness of com-~ 
bustion (loop 4) and working space pressure (loop 5) begin 
to weaken, and the thermal load is increased, However, 
there is a simultaneous increase in the crown temperature, 
The rising of this temperature leads to the formation 
of an input signal to loop 1, the action of which also 
limits the thermal load down to the end of the smelting 
run, This limitation is implemented by means of the 
adding device, common to loops 1 and 4, via atype IP-130 
isodrome controller, the one which acts to limit the thermal 
load as a function of combustion incompleteness, In case 
of overheating of both gas checkered brickworks, control 
loop 7 can also limit the thermal load, This loop works 
on the principle of sampled-data control, 


For stable operation of the entire system, it is 
necessary to match the speeds of action of the individual 
loops, The fastest system is that which controls the pres- 
sure in the working space by means of the flue gas damper, 
The time of a complete damper rotation is 10 seconds, 
Pressure control by means of thermal load variation is 
somewhat slower since there are several delays in the con- 
trol loop from the pneumatic computing scheme, Still 
slower is the system for correcting air supply as the result 
of gas analysis; the time of the double isodrome controller, 
i.e., the time during which the executive mechanism 
duplicates its traverse due to astatic stimuli, is about one 
minute, Finally, the slowest control systems are those for 
thermal load as a function of crown temperature and in- 
completeness of combustion, The doubled time here is 
about 2 minutes, 
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Fig. 3, Discharge of coke oven Fig. 4. Air discharge during a 
gas during a smelting run (scale smelting run (scale is 0 — 50,000 
is 0-10,000 m*/hour), m?/hour). 

Only slightly related with the control loops just perature of both gas checkered brickworks approaches the 
enumerated are the assemblies for controlling the upper limiting value, there begins the discontinuous decrease 
temperatures of the air and gas checkered brickworks and of the thermal load by the action of control loop 7, as 
for automatic dumping, These receive pulses from anin- was discussed earlier, 
tegral time relay which operates with alternating pulses Figure 3 is a diagram of coke oven gas expenditure 
as functions of upper temperatures of the air and gas during one smelting run, It is clear that, during the time 
checkered brickworks, The alternation occurs each 20 of violent vat operation (from 7: 30 to 9: 00), the dis- 
seconds, charge of gas falls almost to zero, then increases some- 

The integral time relay is a static controller of the what and, in the last period of therun, during the finishing 
temperature symmetry of the upper checkered brickworks _ period, again decreases (on Fig, 3, from 10:00 to 12:00), 
of the regenerators (control loop 6), By means of tem- The diagram of air expenditure has a completely different 
perature measurements of the top of the air checkered form (cf. Fig. 4). During the period of violent boiling, 
brickwork, control is effected by the damper's static when the discharge of coke oven gas is small, the ex- 
distribution law, If the temperature approaches the penditure of air is very large, which is also provided by 


assigned magnitude, than this damper begins to be throttled the combustion of the carbon monoxide released from 
(control loop 8). Thanks to this, the quantity of flue gases the boiling metal at this time, With this, the flue gas 
passing through the air checkered brickworks is decreased, temperature, during the entire smelting run, oscillates 


and their temperature begins to rise, within virtually constant limits (Fig, 5), This oscillation 
If the temperature of one of the gas checkered brick- _is related to the reversal of the flame, and must not be 

works approaches the limiting magnitude, the command eliminated by the system of automation, 

to dump is applied sooner than would be done by the in- It is not necessary to change the adjustment of the 

tegral relay, apart from the static controller, Ifthe tem- scheme during the furnace run, As the properties of the 
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Fig. 5, Flue gas temperature in the course 
of a smelting run, 


furnace worsen, there is an automatic change in the sig- 
nificance of the individual control loops, Thus, for ex- 
ample, as the draft worsens, there is a decrease in the op- 
erating time of the controller which controls the pressure 
rotating the damper and an increase in the operating time 
of the controller which limits the load as a function of 
the pressure in the furnace’s working space, 

Complete combustion of the carbon monoxide re- 
leased from the vat, and the maintenance of the maximum 
thermal load admissible at each moment, provide a lower- 
ing of the specific expenditure of the nominal fuel with 
a simultaneous increase in productivity of the furnace, 

A comparison of smelting runs made with, and without, 
inclusion of the automation scheme showed that furnace 
productivity, thanks to automation, increased with a sim- 
ultaneous lowering of the specific discharge of the nominal 
fuel, 

It is also obvious that, with automatically controlled 
operating modes, the furnace’s strength must be increased 
thanks to lesser temperature oscillations inside the re- 
fractory surface, However, the automated furnace is 
operating today only on its second operating period, so 
that it is impossible to make quantitative deductions as 
to the effect of the introduction of automation on length 
of service life, 
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A PAPER-MAKING MACHINE AS AN OBJECT OF CONTROL AND SOME 
WAYS TOWARD ITS COMPLEX AUTOMATION 


A. S. Shamson 
Leningrad 


Translated from Avtomatika i Telemekhanika, Vol, 21, No, 6, pp. 857-866, June, 1960 


The statistical and dynamic characteristics of a paper-making machine, considered as an object of control, 
are determined, It is shown that the complex automation ef a paper-making machine leads to the problem of 
autonomous control, Possible ways to realize autonomy are cited, and the results are given of an experimental 
investigation of a system for automatically controlling the weight of 1 m? of paper. 


Contemporary schemes for automating paper-making 
provide for control of its basic technological! variables, 
but the interrelationships of these variables via the con- 
trolled object are not taken into account in the schemes 
put forth, Automation at such a level may be defined 
as partial, since it does not exclude the mutual influences 
of the controlled quantities in the object's dynamic regimen. 

With the intensification of the production process 
which accompanies the increase of speed of paper sheet 
up to 500 to 600 m/min, partial automation cannot 
provide normal use of a paper-making machine, Under 
these conditions, effective control of the latter is only 
possible with complex automation, which must not only 
provide automatic control of all the basic portions of the 
process, but must also take into account the interrelation - 
ships of the corresponding controlled quantities, 

The problem of complex automation requires a differ- 


ent approach, new in principle, to construction of automatic 


control systems for the productive flow. Such an approach 
assumes first of all, the development of a method for 
investigating and describing a paper-making machine as 
an object of control, This question, as is well known, 

has not yet been considered in the literature, The data 
obtained may be used for the exposition of the principles 
of constructing an automatable complex, and also for 

the development of the technical means for realizing it, 
The present paper is devoted to these questions, 


1, Method of Investigation 

Figure 1 shows a simplified schematic of the paper- 
making machine, The high-concentration stuff from the 
machine stuff chest is supplied to the supply tank, From 
there, the stuff is directed to the mixing pump in a 
suction pipe which also supplies recycled water, With the 
mixing, low-concentration stuff is formed, which is then 
supplied to the head box via the washing and screening 
equipment, At this step of the process, the fundamental 
role is played by the maintenance of the constancy of 
the concentration which determines the content of the 
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paper sheet by absolutely dry material, The following 
step in the process is connected with the application of 
the stuff to the wire screen of the paper-making machine, 
Here, the fundamental role is played by the discharge 
of stuff through the outlet slit, the “slice” of the head box, 
On this discharge and on the wire screen's speed of motion, 
depends the magnitude of the initial weight of the layer 
which is formed when the stuff is distributed over the regis- 
tering portion of the wire screen table. This weight is made 
up of the weight of the absolutely dry material plus the 
weight of water, Whereas the magnitude of the first of 
these weight components depends principally on the 
regimen of the preceding steps in the technological pro- 
cess, on all the following steps only removal of water 
occurs, and virtually no change in the content of absolutely 
dry material occurs, This underlines the possibility of 
using, to derive the differential equations of the object 
of control, the equations of its material balance with 
respect to each of the aforementioned weight components, 

The values of the coefficient of the differential equa- 
tions can be obtained analytically by means of the paper- 
making machine's static characteristics, Such character- 
istics must be given in the form of mathematical relation- 
ships, expressing the basic indicators of the regimen at the 
individual portions of the process as functions of the opera- 
tive variable technological factors, For this in individual 
cases, for example, for the drying part, it turns out to be 
impossible to obtain the static characteristics in a form 
convenient for calculation, This latter circumstance im- 
poses definite limitations on the analytic method of 
investigating a paper-making machine as an object of 
control, and requires that experimental methods be used, 
2. Derivation of the Equations of the Object of Control's 
Dynamics 

The material balance equations of the paper-making 
machine with respect to the absolutely dry material and 
with respect to moisture content have the forms, respec - 
tively, 
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-concentration stuff, 3) recycled water, 4) mixing pump, 5) low-concentration stuff, 6) washing and 


10) suction portion, 11) couch roll, 12) pressing portion, 


screening equipment, 7) head box, 8) wire screen table, 9) registering portion, 


13) drying portion, 14) calenders, 


where Gg is the specific weight of discharge of the ab- 
solutely dry material when filled, G, is the same, but in 
the mixing device with the paper stuff, G,, the same, but 
in the mixing device with recycled water; 


GoWo — % — Asu — Ip — Ip — GoWy= 0, (2) 
where Gy is the initial weight of the layer formed when 
the stuff is distributed on the screen, in g/m’, Wg is the 
moisture content of the stuff applied to the screen, W,, is 
the moisture content of the finished paper, q,, Qsur Ip» and 
qp are the dessication speeds with 1 m? on, respectively, 
the registering part, the suction cabinet and the couch 
roll, the pressing and the drying portions, 

The material balance equations, when expressed 
in terms of finite increments, take the form 


where G is the content of absolutely dry material in 1 m* 
of finished paper, C® is the concentration of stuff in the 

machine stuff chest and C is the concentration of stuff in 
the head box; 


dw 
= = WAG, + GoAW,— Ag, — Aggy — Aqn— (4) 
—- Aq _ W,AG, ao GoAW ,. 

The terms of Eqs, (3) and (4) can be expressed in 
terms of the static characteristics, obtained from an 
analysis of the physical features of the process, estimates 
of the interactions of the material fluxes, and mathematical 
processing of the regularities already known in the theory 
of paper production [1]. By carrying out the corresponding 
substitutions, and then going over to relative quantities, 
we obtain 


(Ajay $ + Ajyo) 2 + (Agi S + Ars0) Zs + Arai 2% = 
= Byoty ((— 7) + f(t — t’), 


— (Agi, 8 + Agyo) Z(t — t”) + (Asge 5® + Ago; $ + Asoo) 


Lg — Aggy Ts (t — 2”) + 
+- AggoTs (t — 2”) + Aso Zs : 
= Bevopte (t — t1) + fa (t — 1), 


— Agyo%, + (Aggx8 + Asa0) 7s = 


 & 
= pg (t — t’), A ga0%s = a» Ag5iS%5 = 5; 


where X1, Xp» Xgo Xge Xp are the relative values of the con- 
trolled quantities of the weight of 1 m?’, the mois- 
ture content of the paper, the discharge of stuff 

from the head box when filled, speed of the wire screens 
motion and pressing pressure, respectively; Hy, Has Ha» Has 
lig are the relative values of the controlling actions applied, 
respectively, by the stuff valve on the suction side of the 
mixing pump, the valve on the steam trunks to the drying 
portion, the valve on the supply trunk taking stuff from 
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Fig, 2. 


























the mixing pump to the head box, the controlling organs 
in the electric drive system and in the system of press 
roller clamps; f, and f 2 are the relative values of the 
disturbing actions related, respectively, to changes in the 
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parameters of the stuff and the steam; T', T", T; and T, 
are the “pure” lags, respectively, from the mixing pump 
to the “slice* of the head box, from the slice to the 
calender machine, in the steam trunks, and from the 
machine stuff chest to the mixing pump; s = d/dt is the 
differentiation operator, 


The coefficients of Eqs. (5) — Ayyy, Aazos Agate Argos 
Aya» Agios Assis Aggzoe Aggos Asso» Biyo — are expressed in 
simple ways in terms of the known parameters of the 
technological process, There has been no success in ob- 
taining analogous expressions for the remaining coefficients 
since, for this, one must use regularities of the processes 
in the drying portion, As has already been stated, it is 
difficult to make use of these latter, 


Data for the exhaustive description of the object 
of control gives its temporal characteristics, obtained 
experimentally, In taking off the characteristics cited, 
it should be taken into account that Eqs, (5) define the 
paper-making machine as an object with interrelated 
controlled quantities, With this, part of such quantities 
(the weightuf1 m* and the moisture content of the paper) 
constitute the object's output quantities, while the other 
part (concentration and level of stuff in the head box, 
speed of motion of the wire screen, the vacuum in the 
suction devices, pressure of the press roller clamps, etc,) 
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relate to the individual portions of the process and, for the process obtained by a theoretical analysis and those 
the object as a whole, can be considered as input stimuli, established experimentally, This is also attested to by 
The structural schematic of the object of control is shown _ the quantitative estimates of object dynamics from Eqs, (5), 








on Fig, 2, In correspondence with such a scheme, the Figs. 3a,c and d show, together with the experimental 
temporal characteristics (run curves) were obtained by run curves, the temporal characteristics obtained by 
applying disturbances in the form of unit steps from each calculation, * 

of the controlling organs, The object's reaction was ‘ 

determined as iss on by a simultaneous measurement 5, Descumtanton {Ope Sa 

of the weight of 1 m? and the moisture content of the from Data on Normial Use 

finished paper, Some of the characteristics obtained are The methods considered for the experimental investi- 


shown on Fig, 3, On the basis of the results obtained, the gation of the object of control are inapplicable to high- 


transfer functions of the various channels of the object speed paper-making machines, In this case, the applica- 
of control were established, These data are given in the 


table, *The characteristics were obtained for paper-making 
A comparison of Eqs, (5) with the tabulated data machine No. 3 of the Krasnyi Kursant (Red Student) 
attests to the coincidence of the qualitative features of Plant. 
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Fig, 3, Curves of a run of the object of control, Q is the weight of 1 m* of paper, 
W is the paper*s moisture content, AC® is the unit step of concentration, AP is the 
unit step of drying steam pressure, AH is the unit step of level in the head box, AV 
is the unit step of velocity of wire screen motion, 








tion of disturbing stimuli to the object's input leads to a 
significant disruption of the process, Moreover, random 
uncontrolled disturbances, whose effect is tremendously 
difficult to eliminate, essentially limit the accuracy 
of the measurements of object reaction. 

In view of this, the possibilities of determining 
the dynamic characteristics of a paper-making machine 
by the statistical processing of its normal use data were 
studied, In correspondence with the theory of the method 
expounded in [2, 3], we obtained simultaneous recordings 
of the variable process quantities by the channel “concen- 
tration of stuff in the machine stuff chest — weight of 1 m? 
of finished paper” (Fig. 4),f In this case, the paper-making 
machine is considered as a linear object with one input 
and one output, After processing the curves obtained on a 
mechanical correlator, we obtained the autocorrelation 
function R(T ) of the input signal (Fig, 5a) and the cross- 
correlation function C(T ) of the input and output processes 
(Fig. 5b), On this same correlator, based on the Fourier 
transformation, there was implemented the transition from 
the correlation functions to the spectral densities, The 
object's phase- amplitude characteristics, computed by 
dividing the spectral densities, are shown on Fig, 6, This 
same figure shows the phase- amplitude characteristics 
of another object,t obtained by the ordinary method of 
an experimental determination of the dynamic characteris- 
tics and by the statistical method considered, 
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4, Certain Principles of Complex Automation of Paper- 





Making Machines 

Results of the investigation of the dynamic properties 
define the paper-making machine as an object of control 
with interrelated controlledquantities. For the automatic 
control of such objects, one should create the conditions 
for which it is possible to control each controlled quantity 
independently of the others, It is known that such a prob- 
lem is solvable on the basis of the principle of autonomous 
control, The realization of this principle is possible by 
two routes: 

1) dissection of a multiconnected control system into 
a series of dynamically independent systems; 

2) provision of high control quality of the individual 
quantities by constructing optimal processes in the sep- 





arate systems. 

The first of these methods is known as the method 
of connected control, since it provides dynamic dissection 
of a multiconnected system by introducing artificial 
compensating connections between the controllers, Design 
of these connections is carried out on the basis of a dia- 


T These recordings were obtained by using paper-making 
machine No, 5 of the Balakhninskii TsBK at a speed of 
400 m/min, 

+ Paper-making machine No. 3 of the Krasnyi Kursant 
Plant, with a speed of 50 m/ min. 
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Fig, 4. Recording of the variable quantities of the process in the channel 
“concentration in machine stuff chest — weight of 1 m? of paper*: 1 is 
concentration, 2 is weight of 1 m? of paper, 
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gonalization of the basic matrix of the transfer functions 
of the closed-loop control systems of the interrelated 
quantities [4, 5}. 

For the compensating connections for the automation 
of a paper-making machine, the following relationships 
were obtained: 








My (: 

Dr» (s) — = pe is Dos (s), (6) 
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Dz (s) = — iM. 5 Dy (s), (7) 


__ Mys (s) Moo (8) — M42 (s) M2 (8) 
Dis (8) = F756) Mn (6) = Mae) My 6) 23865), (8) 





__ My, (s) Mas (s) — Moy (s) M4 (8) . 
Dos (8) = Ths) Mea (6) Mua (6) Muy e) D388), ) 





where Mj, (Ss), Moo(s), Myp(s), Moy (S), Myg(s) and Moa(s) are 
the transfer functions of the object for the channels, re- 
spectively: “concentration — weight of 1 m’," "steam 
pressure — moisture content,” “concentration — rnoisture 
content,* “steam pressure — weight of 1 m’," *concentra- 
tion — level in head box,” “level in head box — moisture 
content” ; Dy; (s), Dep (s) and Dg3g(s) are the transfer 
functions of the controllers in the separate systems — weight 
of 1 m’, moisture content, level in head box, 


K*(z) = 


bez) +. bs) +. * + b,, gah 


The second of these methods cited is based on the 
unbounded increase in the gains of the separate systems 
with the condition that their stability be retained [6], 
Although this method provides absolute autonomy of the 
processes in certain ideal cases, its use is possible, since 
a large part of the separate systems of the complex auto- 
mated paper-making machine can possess partial autonomy, 

In the study of the dynamic properties of the object 
of control, it was established that, of all the technological 
connections of the controlled quantities, the most powerful 
connections were those in which the weight of 1 m’ of 
paper participated, It was on the basis of this that there 
arose the possibility of solving the problem under considera 
tion by constructing an optimal process only in the system 
for the automatic control of the weight of 1 m’ of paper 
sheet, The difficulties which ensue with this in view of 
the object's high inertia, and the significant delays in 
passing signals through it,are overcome in the case of 
sampled-data (discontinuous) control, 

As the criterion of optimality in the control of the 
weight of 1m” of paper, we took the minimum of the 
dynamic errors, This leads to the requirement that the 
control system possess a given order of astatism and have 
a transient response which terminates in minimal time, 
These requirements are realized in the system whose 
discrete transfer function has the form — 
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Fig, 6, Phase-amplitude characteristics of the object of control for the channel “con-. 
centration in machine stuff chest — weight of 1 m® of paper” (without discounting lags): 
1 is from the correlation functions for paper-making machine No, 5 of the Balakhnin- 
skii TsBK, 2 is from the run curves for machine No. 3 of the Krasnyi Kursant Plant, 

3 is from the correlation functions for the same machine, 
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Fig, 7. a) Scheie of the sampled-data element, A is the controlling signal, B is 
the correction pulse, Rj, Ry; and Ry are type RPN (U1720213) relays; b) scheme 
for connecting the windings of relay RP-5 (U1722025), 
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if the following conditions* * hold: 


ay 4+- a, + a, -} eee-+ ay =bb+, + by --eee+ bi, 


Do + by + by +++ ++-b,, =1 (11) 
The practical realization of conditions (11), as was 
shown in work [7], requires the introduction of a correcting 
circuit containing a system of sampled-data filters or a 
digital computing device, 
In conclusion, we consider one of the variants of the 
solution proposed for the problem, 


5, Optimal System for the Automatic Control of the 





Weight of 1 m* of Paper Sheet 

In the system for the automatic control of the weight 
of 1 m? of paper, there was used a discrete controller, This 
controller contains a sampled-data element providing 
width modulation of the sequence of error signals [8], The 
schematic of such a sampled-data elemeni is shown in 
Fig. 7. The correction circuit, connected in series, was 
assembled from blocks of analog computer MPT-9 and 
constant lag block BPZ-2 (Fig, 8). The MPT-9 simulator 
also provided the realization of a model of the object 
(the channel “concentration of stuff — weight of 1 m’ 
of finished paper"). The results of an experiment per- 
formed on the model thus obtained for the control system 
are shown on Fig, 9, where one can see the object's run 
curve (a), the control process in the system without the 
correction circuit (b), and the process in the corrected 
system (c), As is clear, the speed of response and the 
accuracy are close to their limiting values,ttwhich allows 
us to consider the automatic control : under considera - 
tion for controlling the weight of 1 m* of paper as an 
optimal system, 





SUMMARY 


1, The data of the theoretical analysis described a 
paper-making machine as an object of control with 
several interrelated controlled quantities, 

2. To determine the dynamic properties of such an 
object, it is required to use the theoretical method pro- 


posed, in conjunction with the well-known methods of 
experimental investigation, 

3. Consideration of a paper-making machine as a 
complex to be automated is related to the solution of the 
autonomous control problem, In a first approximation, 
this problem can be solved by the optimization of the 
process in the system for the automatic control of the 
weight of 1 m’ of paper. 
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AUTOMATION AND CENTRALIZATION OF A COPPER MINE 


V. V. Kryuchkov 


Moscow 


Translated from Avtomatika i Telemekhanika, Vol, 21, No. 6, pp. 867-876, June, 1960 


The paper describes the set of measures adopted for the automation and centralization of the technological 
processes executed in the pits of one of the large mines in the USSR with subterranean extraction of the ore, 


the Degtyarskii Copper Mine, 


The Degtyarskii Copper Mine is the oldest mining 
enterprise, comprised of several underground pits, thoroughly 
reconstructed during the years of the first Five-Year Plans, 
The copper ore of the Degtyarskii mine is processed on the 
nearby large concentration plants and copper smelters. 

The set of measures adopted, and the experimental 
design and research work implemented, and to be im- 
plemented, at this mine aroused the justified interest of 
many other mining enterprises, The experience here was 
sucesssfully extended to analogous shafts and mines of 
nonferrous and ferrous metallurgy. 

Employment was found at the mine for the devices 
of a developed modern centralization of the pit, a sig- 
nalling, centralization and blocking system (SCB) with 
high-frequency communications of the transport dispatcher 
with the electric locomotive engineers, devices for high- 
frequency and low-frequency (conductor) production com- 
munications between the general works dispatcher and the 
work divisions (the so-called system of loudspeaker an- 
noucements, calls and conversations), devices for the 
centralized control of electric locomotives at the. sites of 
loading and unloading ore, Also automated were the skip 
hoist machines, a device for hoisting empty rock dumps, 

control for the shaft top cager mechanism, transfer of 
trucks in the cages, compressors, furnace, ventilation, 
pumping stands, and many other shaft devices, 

Devices were developed for the automatic weighing of 
trucks with ore in transit, inspection of the state of the 
steel cables of the hoisting machines, various systems of 
remote control devices, while sharply decreasing the re- 
quirements on the cable shops, 

The mine pits were equipped with television in the 
devices for centralization and control of truck hoist 
machines, instruments using radioactive isotopes for the 
inspection of ore level in ore chutes and bins, temperature 
inspection devices using semiconductors, etc, 


Parallel with the solution of the questions of automation 


and centralization of the mine, there was executed signi- 


ficant work on the mechanization and dissemination of new 


technological processes of extracting and transporting ore, 
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Pit Centralization 









A modern mining enterprise is equipped with com- 
plicated machines, mechanisms and devices, the majority 
of which are included in a unitary technological process— 
the extraction and transportation of minerals— so that on 
their concordant operation depends the production of the 
entire mine as a whole, It is in connection with this that 
centralized control of pit mines has particular importance 
today. 

With the introduction of the centralized system, the 
dispatcher of the Degtyarskii Copper Mine pits obtained 
the capability of continuously inspecting: 

1) number of ore-laden skips, 

2) number of trucks unloaded on dumpers, by level; 

3) ore level in bins, by level 

4) operation of the machines for transportation crushing 
conversion, 

5) quantity of rocks taken from the pits, 

6) number of trucks let down into the pits from the 
scaffolding, 

1) operation of the cage hoists, 

8) expenditure of compressed air and water, by level, 

9) magnitude of insulation impedance in the 380 volt 
lines, 

10) pressure of compressed air and water in one of the 
most typical levels, 

11) lowering of pit top-cager temperature below +2°C, 

12) operation of the automated water-draining equip 
ment, 

At the dispatcher's disposal there are various means d 
control and, in particular, a widely ramified communi 
system with all the productive divisions, 

One of the basic devices of centralized communicati#l 
is the announcement call and conversation system, im- 
plementable by means of high-frequency apparatus using 
the trolley lines of the electric locomotives" contact net 
work, The given communications system is intended fot 
powerful loudspeaker announcements at the various pro- 





duction divisions as to preparations for use of explosives, 
possible accidents, and also for inquiry by the dispatchet 
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: as to individual workers located in the production divisions, 

n The apparatus allows the dispatcher to be called from 

any division where he may be and __for conversations 

at to be held with him, 

ce The loudspeakers are used for announcements or for 
calling workers to the apparatus, After the call, the 

e conversation with the dispatcher is conducted by the usual 

i microtelephone, and the loudspeakers are automatically 
switched off, 

With workers serving in the hoist cages, the dispatcher 

ls is connected by means of semiconductor apparatus of the 
production loudspeaker communications system, 

shing For observation of the mine yards and the receiving 


areas there is provided a multicamera industrial television 
setup with five transmitting cameras, By means of a 
e special commutator, the dispatcher can switch any of the 
five cameras to his viewing screen, 

At the objects of observation there are established 


vel, the transmitting cameras which permit the implementation 

volt of remote aiming, optimal focusing, diaphragming and 
change of objects, 

‘the Figure 1 shows an over-all view of the central control 
desk of the pit “Kapital'naya 2", The central control 

2, desk is located in a special room on one of the pit levels. 

quip- On the desk's left-hand panelthere are counters for the 


numbers of trucks unloaded in bins, by level, quantity 
<a of rock extracted, etc,, and the equipment for the dis- 
patcher's high-frequency announcement, call and conver- 
sation communications system, 
On the front panel there is marked a mnemonic 
scheme of the hoist cages, controls for inspecting bin 


aa loading, by level, and instruments for inspecting the 

: at number of loaded skips, On the same panel is the closed- 
4 fot circuit television viewing screen, 

pto- On the desk's right-hand panel there are instruments 
svel for inspecting the magnitude of insulation of the low- 
sche! Voltage 380 volt lines, for inspecting pressure and expen- 





diture of water and compressed air, Here is installed a 
four-party telephone intercom device, by means of which 





Fig. 1, Over-all view of the central control desk, 














































the dispatcher is connected with the works’ switchboard 
and also with the works" superintendent, 

A special cabinet was installed for accomodating the 
dispatcher's television system receiver, the electric power 
supply, the relay circuits and the recording instruments, 

All the information at the dispatcher's desk is trans- 
mitted by means of a contactless remote control system, 

Two types of remote control and signalling systems 
were used, 

1, A contactless cyclical teletransmission system 
based on magnetic elements with rectangular hysteresis 
loops and on filamentless thyratrons, with time separation 
of the channels, This system was developed by the 
Institute of Automation and Remote Control of the Aca- 
demy of Sciences of the USSR. 

The system permits a virtually unlimited increase in 
the number of channels, requires no special power supplies, 
can be used not only for inspection but also for controlling 
mechanisms, The system is sufficiently fast-acting, 

2, A system of ferrite-transistor cells, also with time 
separation of channels, based on circuit elements developed 
by the Central Research Institute for Complex Automation, 

Part of the over-all centralization system is the 
centralization of underground transportation, The trans- 
portation dispatcher isnear the pit dispatchers room and, 
with his own desk and by means of an SCB system, can 
inspect movements of the rolling stock, by mining opera- 
tion, can change signal arms by remote control, can 
establish routes and can inspect the positions of signal 
arms and the states of signal lights, 

High-Frequency Communications with Electric Locomotives 

The transportation dispatcher has at his disposal high- 
frequency (HF) communications with the moving electric 
locomotives, These communications are implemented 
by the electric locomotive contact network, 

The introduction of dispatcher communication with 
the electric locomotive engineers immediately improved 
the transportation operations, significantly increased the 
safety of motion and use of the rolling stock, High-fre- 
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Fig. 2, Dispatcher equipment for high -frequency communi- 
cation with the electric locomotives, a is the calling block, 





b is the receiver-transmitter, c is the power supply. 


quency communication of the transportation dispatcher 
with the moving electric locomotives is firmly entrenched 
in the pit regimen, Electric locomotives without high- 
frequency communications are considered dangerous, and 
cannot be placed on the line. 

HF communications with the electric locomotives 
consists of the dispatcher*s and the “subscriber's* assemblies, 
The dispatcher’s assembly is a receiver-transmitter HF 
set with selective calling of the out-stations, The assembly 
(Fig. 2) consists of three blocks: the calling block a, the 
receiver-transmitter b and the power supply c. 

The calling block, with the microphone, is installed 
at the dispatcher’s desk, All the controls are placed on 
the calling block's front panel, Here are located a loud- 
speaker, 15 calling buttons, the stop button, a button for 
switching in the local telephone network and the lamp 
signals, To call any out-station, the dispatcher pushes 
the corresponding call button; this switches in the receiver - 
transmitter and the audio-frequency call generator, De- 
pending on the ordinal number of the button pressed, 

a voltage of one of 15 fixed calling frequencies is genera- 
ted in the line, modulating the transmitter's carrier fre- 
quency. After the signal denoting that the called out-station 
has switched in, the sending of the call is automatically 
stopped, and the communication line is set up for the 
ensuing conversation, 

Obtaining a call signal, the out-station worker con- 
verses with the dispatcher without himself doing any 
switching, After termination of the conversation, the 
dispatcher presses the “stop” button, thus switching his 
transmitter, his assembly and that of the out-station to 
the “waiting® mode, 

The out-station assembly (Fig. 3) consists of a re- 
ceiver-transmitter with a built-in loudspeaker, a power 
supply and a microphone with ‘asignal lamp and a cail 
button, The signal lamp is lit when the dispatcher’s trans- 


612 


mitter is switched in, and shows that the dispatcher is busy, 
The given communications system is cor -cted into the 
local telephone network, and the dispatcher can authorize 
conversations from any electric locomotive with subscriber 
of the local telephone network, 

Remote Control by Electric Locomotives at the Ore 





Loading and Unloading Sites 

An urgent problem was the introduction of a system 
of remote control by the mine's electric locomotives at 
the sites of ore loading and unloading, Indeed, the transfe 
of the functions of chute drawer and tipper to the electric 
locomotive engineers permitted an increase in the pro- 
ductivity of work, a shortening of the time to load an ore 
truck, an increase in the effective capacity of the switchisy 
yard and the freeing of a large number of workers who had 
been occupied at the chutes and dumpers, 

The system of remote control from the electric 
locomotives makes it possible for the electric locomotive’: 
engineer to carry out all the operations for loading and 
unloading directly at the chutes and dumpers and to conte 
the movement of the rolling stock from a stationary conte 
desk, 




















Fig. 3, Out-station assembly of the high-frequency 
electric locomotive communications system, 

a is the receiver-transmitter, b is the power 

supply, c is the microphone, 
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For the implementation of remote control by the electric 
locomotives, the corresponding portions of the trolleys are 
insulated from the remainder of the contact network and 
form the zone of remote control, The voltage on the con- 
tact conductors of this zone are applied via the contactor 
of the command block, In the power circuit on the electric 
locomotive are connected the contactors of the receiving 
device's reverser, One of the contactors, “forward*, with 
ordinary control, is mechanicaily held in the switched-in 
position, maintaining the normal supply scheme of the 
electric locomotive's motor, In the remote control mode, 
the mechanical holding of the electric locomotive with 
the contactor is removed, 


Upon the command “forward®, the full voltage of the 
contact network is applied to the insulated trolley segment, 
providing inclusion of the “forward* contactor in the 
electric locomotive's receiving device, 


Upon the command “backward”, the voltage on the 
insulated trolley segment is momentarily applied (during 
0,2 seconds) through a current-limiting resistor, which is 
thereafter shunted, and the insulated trolley segment is 
immediately connected into the contact network, This 
provides inclusion of the “backward*contactor in the 
electric locomotive's receiving device, and a change in 
the direction of motion, 


The command “stop*switches the insulated segment 
of the trolley out of the contact network, 


The scheme of remote control from the electric 
locomotives provides: 


a) the capability of the electric locomotive's engineer 
to switch, from his cab, the electric locomotive onto re- 


mote control, which is implemented from a stationary controi 
desk; 


b) remote control of the electric locomotive's motion 
"forward® and *backward"; 


c) automatic cessation of electric locomotive remote 
control upon transmission of the command “stop"; 


d) stopping of the electric locomotive if it accidentally 
leaves the controllable segment; 





e) voice and light signalling as to the motion of the 
remotely controlled electric locomotive; 

f) automatic repetition of the transmitted command 
upon accidental momentary separation of the pantograph 
from the trolley conductor; 

g) uninterrupted motion in the loading or unloading 
zone of a normally controlled electric locomotive; 

h) impossibility of passing control signals to neighbor- 
ing portions, 

The following devices enter into the set of apparatus 
for remote control from electric locomotives at the loci 
of ore loading and unloading: 

Control apparatus installed in the hauling gear right 
at the chutes or dumpers, and serving for the application 
of the commands *forward®, *backward® and "stop" by 
means of a special lever, inserted by the engineer in the 
apparatus frame, 

Command blocks, installed at the beginning of the 
cross-over or at the chutes, and serving for the transmission 
of the commands obtained from the control apparatus to 
the electric locomotives* receiving blocks, and for switching 
in the power voltageto the insulated trolley sections, 

Receiving blocks, installed in the electric locomotives 
and intended for the connecting of its motor in accordance 
with the received commands, and also for stopping the 
electric locomotive if it accidentally leaves the remote 
control zone, 

Auxiliary electromechanical braking devices, installed 
on the electric locomotive motors, and serving for the 
automatic braking of the electric locomotives upon receipt 
of the command “stop and also for accidental departures 
of the electric locomotives from the remote control zone, 
The braking device consists of a brake disk on the motor 
shaft, a braking tape and a braking magnet, 

The remote control scheme can also embody other 
means of automatic braking: electrohydraulic or electro- 
pneumatic, 

Automation of Shaft Ventilation Doors 

To improve ventilation of the mining works, and also 
to increase the capacity of the haulage lines in the mine, 
the shaft ventilation doors were automated, 





Fig. 4, Over-all view of the shafts automatic ventilation door, 
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The automation of the process of opening and closing 
the doors permitted the freeing of a significant number of 
workers who had been occupied in the maintenance of the 
ventilation doors, 

In addition to the economy realized by freeing the 
service personnel, the use of automatic shaft doors signi- 
ficantly improved the operating conditions of underground 
transportation and provided safe operation in their servicing, 
The ventilation doors were provided with electric drives, 
as being the most reliable, economical and most readily 
amenable to automation, The over-all view of a door is 
given in Fig, 4. 

The ventilation door automation scheme provides for 
automatic opening of the door as an electric locomotive 
or a truck approaches, and the automatic closing of the 
door after passage of all the rolling stock, signalling of 
door position to the dispatcher*s SCB desk, elimination of 
collisions of electric locomotives with closed doors by 
taking voltage off the trolley segments on either side of the 
door, the impossibility of opening the door when rolling 
stock approaches from both sides simultaneously, switching 
of a yellow signal light to red upon approach of rolling stock 
in the contrary direction, acoustical announcement to 
people of the contrary rolling stock as to the closed door, 
impossibility of closing the door while rolling stock is 
situated in it, 

Automatic Weighing of Ore Trucks in Transit 

For the inspection of the amount of rock extracted, 
equipment for the automatic weighing of trucks in transit 
was developed, With this, the weighing of trucks does 
not require uncoupling of the rolling stock or any other 
operations connected with the use of manual labor, Such 
a weighing scheme significantly increases the productivity 
of the electric locomotives, the turnover of the truck 
yards, and frees the majority of the service personnel, 
Moreover, it eliminates the possibility of erroneous re- 
cording, 








To automate the process of weighing ore trucks in 
transitzuse was made of the method of weighing by means 
of measuring the bending of a rail from the action of the 
truck"s weight on it, Foil tension impedances were used 

as the transducers by means of which the rail bending is 
measured, 

The equipment for weighing an ore truck in transit 
consists of three basic assemblies: a) a weighing portion 
with tension impedance weight transducers; b) path trans- 
ducers; c) recording instrument, 

For weighing, the weighing portion is cut out from 
the rail path. The weight transducer with foil tension 
impedances is weldedtothe rails. Switchingin of the 
electrical scheme is implemented by pedal-type path 
transducers, installed before and after the weighing seg- 
ment, 

The recording instrument (Fig. 5) is an electronic 
self-recording bridge with a built-in mechanism for 
adding the weights of all the ore passing over the segment, 
or for weighing the empty and loaded trucks separately, 
and a device for automatically setting the measuring 
scheme to zero before the weighing of each set of rolling 
stock, 

The weighing block schematic is shown in Fig, 6, 
The weight transducers are welded to the ends and bases 
of the measurement rails and operate on expansion and 
compression, The tension impedances installed in these 
transducers are connected in a bridge circuit, The use of 
all four arms of the bridge for measurement increases the 
sensitivity of the measuring scheme and provides tempera- 
ture compensation for it, In the diagonals of the measuring 
scheme two slide wires are connected: the first one 
operational, the second one designed for automatic zero 
adjustment before the weighing of each set of rolling stock, 

The equipment for the automatic weighing of pit 
trucks in transit provides: a) weighing of trucks with an 
accuracy of + 2,9% when moving with speeds up to 














Fig. 5, Recording instrument for automatic truck weighing (with 


opened hood), 
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5 km/hour; b) automatic elimination from the total weight 

of a truck of an average tare weight; c) weighing of 

empty and loaded trucks separately; d) automatic summa- 

tion of the weight of all ore passing over the weighing 

segment; €) recording on a strip diagram of the weight 

of each truck individually; f,} weighing of the rolling stock 

without including the weight of the electric locomotive, 
The given equipment was designed for heavy-duty 

operation in mine conditions, 


Automatic and Remote Control of the Mechanisms of Shaft 





Top Cagers and Truck Exchange at the Loading Platforms 

Control of the shaft top cager mechanisms at all the 
levels is exercised by one person, the so-called “cager®, 
since complex automation and remote control of the shaft 
top cager mechanisms was carried out at the mine, With 
this, all the top cager mechanisms — hammers, detents, 
grids — are outfitted with pneumatic drives and are con- 
trolled either remotely, by the engineer of the hoist 
machine, or from a stationary desk on the level, or 
automatically, Control of operation of these mechanisms, 
is executed by the cager who, as needed, moves from one 
level to another, and carries out all the work for the re- 
ceipt and output of loads, 

As means of control, the cager is given a new system 
of shaft top cager signalling with loudspeaker communica- 
tions and with high-frequency connections with the moving 
cages, All the technological processes from loading the 
trucks with rock to unloading them at the receiving 
platforms have been automated, For this end, the whole 
complex of raechanisms was developed and modernized, 











An over-all view of the equipment is shown in Fig, 7, 
The operation of the equipment occurs in the following 
fashion, A truck with rock is pushed from the cage by 
means of a pneumatic plunger, after which it is clamped 
by the plunger and fed to the dumper, In the dumper it 
is automatically stopped and then unloaded, After halting 
of the dumper, the stopper is removed and the truck is 
pushed by a pneumatic plunger and moves along a slope 
to the top cager again, 

At the mine, the following measures have also been 
taken: 

Complete automation of the skip hoists, operating 
by a motor-generator system, The starting impulse for 
the skip hoist is given from the measuring hopper, after 
which all operation of the hoist proceeds automatically, 

Automation of the principle water draining appara- 
tus, which provides reliability of pump operation, and 
frees the service personnel, 

On the surface, there has been complex automation 
of the compressor stands, the furnace stands, the rock 
dumps, The principal ventilation equipment has been 
subjected to remote control, 

The automated mine equipment is supplied with 
built-in temperature protection of electric motors from 
winding-overheating and of mechanisms from bearing - 
overheating, 

For the temperature protection of motors and mechan- 
ism bearings, use was made of thermal transducers in the 
form of semiconducting thermal impedances (thermistors), 
satisfactorily solving the problem of protection of un- 
attended aggregates from overheating, 

















Fig. 6, Block schematic of automatic truck weighing in transit: 
1) weighing section of track rail; 2) measuring rails; 3) weight trans- 
ducer; 4) concrete foundations; 5) path transducers; 6) recording 
instrument; 7) counter for adding weights of all ore passing over 


segment, 
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Fig. 7. Over-all view of the auto- 
mated equipment for exchanging 
trucks and loading at the dumper, 


The action of the apparatus is based on the capa- 
bility of certain types of thermistors to sharply, by a 
factor of one hundred, decrease their resistance when 
the ambient temperature rises above a definite limit, 
This limit can be regulated by the magnitude of the 
voltage applied to the thermistors, Miniature thermis- 
tors, properly encased (Fig, 8), are inserted in the windings 
of electric motors, or in mechanism bearings, and a 
relay winding is connected in series with the thermistor, 
The relay operates for a sharp decrease in thermistor 


resistance, 
The thermal transducer for bearing protection is a 


metallic sleeve,screwed into the body of the bearing, with 




















Fig. 8, Apparatus for temperature protection 
of motors, a is the relay block, b is the trans- 
ducer for motor protection, c is the trans- 
ducer for bearing protection, 


a built-in thermistor, while the thermal transducer for 
insertion in electric motor windings is executed in the 
form of a flexible plastic tube with a thermistor fixed in 
its end, 


The relay has a switch setting which allows the 
temperature of relay operation to be established between 
the limits of 80 to 110°C in steps of 10°C, 


The totality of all the work in this direction permitted 
a significant reduction in service personnel, an increase 
in productivity of the mechanisms and in the general 
productivity of labor, and also the guarantee of a high 
degree of safety of work in the mine, 
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1, Introduction 

Automatic inspection and control of the Bessemer 
process makes it possible to obtain steel of a given 
carbon content with a significantly smaller number and 
duration of blows, 

Implementation of automatic inspection and control 
of steel was possible after a great deal of experimental 
work, carried out by the Dneprodzerzhinskii Evening 
Metallurgical Institute and by the Dzerzhinskii works on 
the analysis of existing nonautomatic methods of inspecting 
Bessemer smelting processes and on the development of 
new methods, amenable to automation on the basis of the 
employment of high-speed electronic digital computers, 

The complexity in the development of inspection 
methods useful for automation results from the following 
factors, 

The speed at which the process flows virtually 
eliminates the possibility of carrying out chemical analy- 
sis of the metal during the course of the smelting, anal- 
ysis which would give the most valuable and accurate 
data for establishing the time for tipping the converter 
with a given carbon content, At the same time, the same 
speed of process flow poses very narrow limits within 
which the converter's tipping (pouring) time can deviate, 

Photoelectric transducers not equipped with special 
cooling devices are positioned, due to the high flame 
temperatures, at a significant distance from the converter, 
which is the cause of the appearance of a great deal of 
noise which distorts the transducer indications, To this 
is conjoined the great nonuniformity of flame luminosity at 
different points, and at different times at the same point, 
which also lowers the value of the information obtained 
from photoelectric transducers, 

The enumerated factors make it difficult to obtain 
the original experimental data for determining the time 
of converter pouring, The difficulties in principle are 
consequences of the circumstance that very many physical 
and chemical factors influence the speed at which the 
process flows and, consequently, the time of converter 
pouring, factors such as, for example, the initial content 
of carbon and silicon in the pig iron, the number of smelts 
on a given bottom, the velocity of air blowing, the tem- 
perature regimen of the smelter and other factors, To 
take the influence of the foregoing factors into considera- 
tion is difficult for the following two reasons, 
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1, The physical and chemical processes which specify 
the dependence of the time of pouring on the factors 
mentioned have not been completely studied, and we have 
this dependence only in the form of experimental (very 
numerous, to be sure) tables and graphs, containing a 
quite significant number of errors, 

2, Taking the aforementioned factors into account 
can only be done at the time of, or immediately before, the 
beginning of the smelting run itself, since only at this 
time are the necessary initial data at hand, for example, 
information as to the consumption of air, the serial 
number of the smelting run, etc, 

Thus, all the difficulties mentioned can be generalized 
as follows: For an accurate determination of the time 
for ending a blow, it is required to process and take into 
account very rapidly a large quantity of data, each 
component of which individually can be obtained only 
with significant random errors, 


2. Posing of the Problem, Information Sources 

The problem is thus posed: It is required to develop 
a system which permits cessaticn of blowing of rail 
steel with carbon content within the limits of 0,48 to 
0.58%, 

If we take into account the speed of carbon burn-out, 
equal to 0,007 to 0.008% per second, we find that the 
moment of converter tilting must be predicted with an 
accuracy of + 5 seconds, 

As the result of a theoretical and practical investiga- 
tion of many methods of inspecting the Bessemer process 
and determining the moment T, of tilting the converter, 
methods suggested both here and abroad, we adopted the 
following methods, which are maximally satisfactory due 
to their relatively high reliability and practicality, 

1, Determination of T, from the amount of air biown 
through the converter, This method is based on the fact 
that the quantity of carbon "burned-out" of the pig iron 
depends directly on the quantity of air blown through the 
converter, Thus, Ty can be predicted from the initial 
carbon content of the pig iron and the integral expenditure 
of air through the converter, The reliability of this method 
is lowered because not all the oxygen in the air enters into 
reaction with the pig irons carbon, and part of it is lost 
with the exhaust gases, 

2, Determination of T; from a W-diagram, Empirical 
investigations showed that, if one establishes transducers 
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which record the converter flame's illumination in two 
different nonintersecting spectral regions (for example, 
infrared and yellow), then the difference of currents of 
these transducers from one smelting operation to another 
gives a characteristic curve recalling an inverted letter W 
(Fig, 1). With this, the termination of the smelting 
operation coincides in time with the dropping off of the 
curve from maximum II, and can be computed, to a good 
approximation, from the formulas: 


Te = Ty + 50 secorTy=T]+T*, 


Here, T; and Ty; are the moments at which the 
maxima appear on the W-diagram, and T" is some time 
(8 to 10 minutes) which depends on the temperature of the 


metal, Physically, the method is based on the circumstance 
that the time until maximum I, the so-called “blow period® 


has a large dispersion and is not subject to any accurate 
estimate, while the processes in the converter after the 
appearance of maximum I, coinciding with the beginning 


of intensive combustion of CO, are more determinate, and 


the time of smelting termination can be predicted, 

The reliability of the method is lowered because of 
the strong noise superimposed on the photoelectric trans- 
ducer signals, 


3, Determination of T; from the metal's tempera- 
ture, The temperature of the metal directly influences 





superimposed on the signal for determination of the flame's 
transparency, 

5. Determination of T, on the basis of statistical data 
for a large number of smelting runs, With this, one takes 








into account the large amount of attendant factors such as, 
for example, ordinal number of the lining, original man- 
ganese content of the pig iron, as well as original content 
of silicon, carbon, etc, 


3. Method of Processing Information 

Prediction of the moment T, of smelting termination 
on the basis of the information obtained from all the 
previously described sources is implemented by using the 
methods of mathematical statistics, There is today no 
exact analytic description of the process, 

The reliability of each of the aforementioned methods, 
while all are of the same order of magnitude, still differs 
in amount from one to the next, With this there arise two 
possibilites of using the information obtained from the 
transducers: a) choose the most reliable method and com- 
pute T, on its basis; b) attempt to take into account the 
information given by all the aforementioned methods, 

We found it advantageous to take the second path, 
With this, we start from the natural assumption that the 
errors of physically independent methods are so distributed 
that they partially compensate one another, i.e., that 
the mean square error in determining T, as the weighted 





the speed at which the chemical processes in the converter average of the times determined by each of the individual 


proceed, and taking it into account gives both direct and 
indirect data as to the time of smelting termination, 

4, Determination of T, from the transparency of the 
flame, It has been empirically established that, a short 
time before:smelting termination, a powerful formation 
of powder begins on the surface of the metal, thanks to 
which the flame’s transparency drops sharply after which, 





methods is less than the mean square error in predicting T; 
on the basis of one of the methods, even the most reliable, 
Thus, it is proposed to compute T, by the formula 
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with the cessation of the dust formation, it again increases, where the T; are the times computed on the basis of each 


The moment of minimum transparency is related to the 
moment of smelting termination, and gives still another 


"reference point" for determining the latter, The reliabil- 


ity of the method also drops because of the strong noise 
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of the individual methods and the n; are the weights, 
which depend on the reliability of each method, 

With this, the reliability of the method is understood 
in two senses, First, as the general reliability, inversely 
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proportional to the mean square deviation of the values of 
T, determined by this method from the true value of Th. 
Second, as the particular reliability, depending on the 
signal-to-noise ratio, and varying from one smelting opera 
tion to the next, The fact of the matter is that, as shown 
by a preliminary investigation by means of self-recorders, 
the “quality” curves (signal-to-noise ratio) obtained from 
signals of one and the same transducer changed for differ- 
ent reasons, where the presence of heightened noise is 
clear even at the beginning of a smelting run, and may be 
discounted by a corresponding change of the weight co- 
efficients nj. 

It is clear that a huge increase in the number of 
methods for determining T,, while not giving a significant 
decrease in the mean square error, significantly increases 
the complexity of the apparatus, and is thus inefficient, 


4, Stages of the Work 

With all that has been stated taken into account, the 
work on automating the Bessemer process was divided into 
two stages, 

The first stage was the development of an information 
(data-gathering) device and its establishment at the 
Dzerzhinskii Works and its use in the mill conditions with 
automatic attachment to the transducers and with automati: 
starting and stopping. 

The second stage was the development of a controlling 
digital machine, 

It was proposed that the following ensue from the use 
of the information device, 

1, A definitive determination of the basic parameters 
of the controlling machine (memory size, speed of action, 
type of input device), 

2, Determination of the coefficients for the statistical 
relationships, to be subsequently introduced into a passive 
memory of the controlling machine, 

3, Determination of the weights nj characterizing the 
reliability of the individual methods of determining T ,. 

4, Definitive determination of the methodology of 
smoothing the transducer signals so as to isolate the useful 
information, 

5. Verification of the reliability of the automatic 
operation of the electronic digital computer in factory 
conditions, and specification of the design pecularities 
of such a machine (heat protection, screening, etc,). 





5. Digital Recording Device 

In accordance with the stated plan of work, a digital 
recording device (DRD) was developed at the Computing 
Center of the AN USSR, 

We now consider its scheme of operation, 

During converter blowing, the DRD takes in, and 
records, signals from four photoelectric transducers and an 
air consumption meter, 

Recording of the photoelectric transducer signals is 
implemented serially, with the recording of the signal 
from one transducer taking 0,1 seconds, Thus,receipt of 
a signal from each photoelectric transducer occurs once 





in each 0,4 seconds, The signals from each photoelectric 
transducer are transformed to a digital code in the memory 
of the DRD. Provision is made in the DRD for the primordial 
processing of the data obtained as the result of transformation 
of the transducer signals, 

If one considers a transducer signal as the realization of 
a nonstationary random process consisting of the super- 
position of a determinate process F(T ) and a random station- 
ary process ®(T), then the processing carried out in the 
DRD corresponds to the smoothing of such a process by the 
method of moving averages, It amounts to this, that what 
is printed out is not each value obtained as the result of 
transforming the transducer signal, but the arithmetric 
average of the values over some interval (the averaging 
interval), 

This method is the most suitable in the given case 
since the carrier curves F(T ) assume the most diverse 
forms from smelting run to sme!ting run, and their 
approximation by means of some analytic expression or 
another is very troublesome, The possibility is not ex- 
cluded that, as a result of processing the data obtained from 
use of the DRD, there will be recommended other methods 
of smoothing random nonstationary processes, 

As a result of preliminary investigations, it was found, 
that, for the existing amplitudes and correlation function of 
®(T ), the optimal value of the averaging interval lies be- 
tween 4 and 12 seconds (optimal in the sense of obtaining 
the least mean square error in determining the maximum 
of F(T )). In accordance with this, the capability of 
changing the interval of averaging within these limits 
was provided in the DRD, The definitive determination 
of the optimal size of the interval of averaging is one of 
the basic problems which must be solved as a result of 
using the DRD, 


The signals from the air expenditure meter are taken 
in by the DRD as they are sent and transformed in the 
machine*s memory to a code corresponding to the numeri- 
cal value of the quantity of air blown through the con- 
verter from the beginning of the smelting run up to the 
given moment, 

Printing of these values is carried out simultaneously 
with the printing of the averaged values of the parameters 
obtained from the photoelectric transducers, 

The operation of the DRD is strictly cyclic, With 
the value of the averaging interval T established prior to 
the beginning of blowing, each printing (not counting 
the values of the total expenditure of air) corresponds to 
the averaged value of some parameter, assigned to the 
midpoint of this interval, 

Thus, to determine the time T to which some printed 
parameter value appertains, we can use the formula 


c=(n—1)242=(n—4)é, 


where n is the ordinal number of the print-out from the 
beginning of the smelting run, 
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With this, the absolute error in the determination of 
T does not exceed + 0,2 seconds for a duration of the 
smelting run not greater than 20 minutes, 

In the lacunae between blowings (for several seconds 
until converter charging), the DRD records the signals 
from the individual photoelectric transducer, * averages 
the digital values of the parameter thus obtained during 
one averaging interval, and prints this averaged value, 
The averaging interval chosen for DRD operation during 
blowing can differ from the interval chosen for DRD 
operation in the periods between blows, 

The magnitudes of the input signals from the photo- 
electric transducers are transformed in the DRD to binary 
code with a relative error of + 0.5% of the maximum 
value of the transformed signals, This corresponds to 
obtaining codes with seven correct, and one doubtful, bits, 

Printing of the averaged parameter values of the DRD 
is executed in the decimal system, with two correct 
decimal places and a five or a zero in the least significant 
place, which corresponds to the same relative error of 
+ 0,5%, 

The capability has been built into the DRD of intro- 
duction of signal scale factors, the aim being to obtain 
numerical output values in the ordinarily accepted units 
of brightness or temperature, 

The indication of quantity of blown air is printed 
in the form of a four-digit number, where the maximum 
value of the most significant digit is 3, This corresponds 
to a relative error not exceeding + 0,1% of the upper 
limit of the scale, whereby the expenditure transducer can 
be so constructed that the results are obtained in normal 
cubic meters, 

Conditions of DRD use. The DRD is supplied from a 
three-phase ac line of 380/220 volts, Preliminary stabili- 
zation of the line voltage is provided by means of 
ferroresonant stabilizers, 

The power drawn from the line by the DRD does not 
exceed 1,5 kw. The DRD is designed to operate with 
forced internal ventilation, The DRD"s ventilation stream 
must have the following parameters: rate of expenditure 
is 900 cubic meters per hour, temperature is 10 to 15°C, 
pressure is 60 mm of water, With internal ventilation 
which meets these specifications, the DRD can operate 
reliably when situated in the normal temperature regimen 
of Bessemer operation, 

The DRD is not hermetically sealed against dust, 

After completion of the complex adjustment of the 
DRD in conjunction with the transducers, it is intended 
that it operate normally, with switching in and out of 
devices connected to the converter mechanism, without 
attendance by the DRD maintenance personnel during a 
shift, Between shifts, cleaning and checking of the DRD 
by engineers will be necessary, 

Physical design and basic elements of the DRD. 
Physically, the DRD is a metal cabinet measuring 1,8 X 
X 1,4 X 0,5 meters, comprised of the electronic part of 
the DRD and the power supply. The cabinet is attached 
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to cables with metallic pedestals measuring 0,1 X 0,5 X 
X 0,5 meters for a numeric printing device, 

The control console is placed on the cabinet's front 
panel, 

For the basic standard elements in the DRD we used 
flip-flops, amplifiers and cathode followers, developed 
at the Computing Center of the AN USSR on the basis of 
the analogous elements used in the high-speed electronic 
computer "Kiev", These elements provide high reliability 
of DRD operation, These standard elements were built 
as metal plug-in units, measuring 150 X 90 X 35 mm, 

Standardization and rapid replacement of the blocks 
provided for easy use and repair of the DRD, 

Type RP, RSM, and RS electromagnetic relays were 
used for switching transducer channels and for controlling 
the numeric printing device, 
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Fig. 2, 

The block schematic of the DRD is shown in Fig, 2, 
Signals from the five photoelectric transducers T,-Ts are 
applied to relay switching device RSD which connects 
them in turn to the input of analog-to-digital transformer 
ADT. The codes formed in the analog-to-digital trans- 
former are transmitted to counting device Co which forms 
the arithmetric average of the numerical values of the 
signals received during one averaging interval, 

The counting device is thus the DRD's flip-flop 
memory, storing information from all transducers and trans 
mitting it, at the end of the averaging interval, to numeric 
printing device NPD, 

Transformation of the transducers" analog signals is 
implemented in the ADT by eight cycle pulses supplied 
by the central control block CC, The cycle pulses are the 
basic time markers, synchronizing directly or indirectly 
the entire operation of the machine, including the defi- 
nition of duration of the averaging interval, the duration 
of the « rinting period, etc, 

The signal of transformation conclusion is sent by 
the analog-to-digital transformer to control device CD 
which, after each transformation, signals switching of the 
RSD relays, The control device keeps count of the re- 
corded points, and sends a signal when the averaging in- 
terval terminates, 





*For example, a transducer recording the lining*s tem- 
perature, 
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Signals from air expenditure meter Tg, via air trans- 
ducer control unit ATC, are applied to the counting 
device, Signals arriving from T, during the printing 
period are stored in the ATC and, at the termination of 
printing, are then added into the counting device, 


The DRD block schematic just described, as well 
as the devices used in the DRD together with the flip-flops 
and the relay switching gear, correspond fully to the 


specific purpose of the DRD: the recording of weak 
signals with a comparatively slow speed of action, 

The DRD was installed in the Dzerzhinskii Works in 
March, 1960, 

Today, the data obtained from the DRD, together 
with data obtained on the basis of chemical analyses of 
pig iron and steel specimens, is being subjected to 
mathematical processing, and the program for the con=- 
trolling machine is being written, 
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NEW METHOD AND UNIVERSAL MEASURING DEVICE FOR ACTIVE 


INSPECTION ON METAL-CUTTING MACHINES 


G. L. Perfil'ev 


Sverdlovsk 


Translated from Avtomatika i Telemekhanika, Vol, 21, No, 6, pp, 884-891, June, 1960 


The use of active inspection is one of the most im- 
portant directions in the automation of control of high- 
accuracy technological processes in machine building, 
Broad use of active inspection is limited by the lack of 
industrial output of active control instruments which are 
sufficiently universal to satisfy the very diverse require- 
ments of their installation on-machine stands which differ 
in purpose, type and physical design, 

An urgent, and the most pressing, problem today is 
the development of a unified design of a measuring 
device, or, at least, its basic and common components, 
and the organization of their production by the instrument 
building industry, The principal such component is that 
for reading off the dimensions of a piece during the course 
of its technological processing, It must transform the 
measured quantity to an electrical output quantity. The 
physical design of such a component (assembly) must be 
sufficiently universal so that it might be used in diverse 
machine stands, 

The electrical parameter generated by such an 
assembly must be proportional only to the changes in 
dimension of the piece, and must not depend on the speed 
and direction of the piece’s motion, 

The production of a unified measuring assembly of 
such a type by the instrument building industry would 
provide the most rapid and massive use of active inspection 
of piece dimensions, The price of the instruments pro- 
duced would be incomparably lower, and the quality 
higher, as compared with the price and quality of the 
instruments designed and produced today for the individual 
needs of different factories and organizations which are 
instrument users, The assemblies for attaching the 
measuring device, and the assemblies for mounting it on 
different machine stands, can also be mass-produced by 
the instrument building factories, but in view of their 
heterogeneity and relative simplicity, it would be most 
efficient to develop standard plans and to print albums 
of blueprints for their manufacture in the instrument shops 
of the user factories, 

This paper presents the results of work carried out by 
the author in the S, M, Kirov Ural Polytechnic Institute 
on the creation of a universal measuring assembly for 

active inspection, namely, a vibrating-contact transducer- 
dimension-recorder, 
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Existing methods and instruments for active inspection 
of measuring pieces in the process of their fabrication 
on machine stands do not provide the necessary accuracy 
and reliability of inspection, require frequent adjustments 
and are insufficiently universal, which inhibits their wide- 
spread introduction into production automation, 

The principal feature of existing devices is the use 
of the method of following the dimensional changes of a 
piece by means of a probe sliding along its surface with 
large contact forces and with a lever transfer mechanism 
to the indicating instrument, Replacement of the 
mechanical indicating instrument (minimeter, pointer- 
type indicator) by high-sensitivity electric, pneumatic 
and other transducers complicates the physical design of 
the measuring device, but cannot eliminate the inade- 
quacies inherent in mechanical transmission and sliding 
probes or the measurment errors which thus arise, 

Attempts to employ, for active inspection, measuring 
devices without mechanical probing but based on contact- 
less methods of transforming variations in piece dimensions 
to some parameter or other (air pressure, reluctance, 
capacitance, photoelectric or radiation effects) have not 
found use, This is explained by the specific features of 
the inspection conditions on machine stands where pieces 
of different metals are processed with different speeds 
in different conditions of the ambient medium, with 
cuttings of different dimensions where access to the cutting 
zone is difficult and where there are other factors which 
prevent one from obtaining a single-valued change of the 
enumerated output parameters of the measuring device for 


” a dimensional change of the pieces, 


It is obvious that a universal instrument for active 
inspection of dimensions must be constructed on the basis 
of other, new, measurement principles, without the 
transmission of the measured translation by an inertial 
level mechanism, 

Such a new solution, different in principle from the 
older ones, is the method of measuring by means of a 
vibrating probe, In measurements by this method, the 
surface of the piece to be worked on the stand is contacted 
by a vibrating tip. The tip is placed at the end of a flat 
spring, the other end of which is fastened to the frame of 
a special transducer, The spring'sfree end is given a 
harmonic oscillatory motion by an electromagnet, 
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The vibrating probe is tuned to a natural frequency 
of 100 cps, The electromagnet, supplied by current at the 
industrial frequency, synchronously vibrates the probe and 
maintains its oscillation, 

The amplitude of the tip's oscillation is always kept 
significantly greater than the surplus on the piece, the 
magnitude of whose removal it is desired to measure 
during the working process, The transducer’s frame is so 
installed that the oscillations of the measuring tip are 
limited by its contiguity with the piece's surface, 

At the beginning of processing, when the surplus has 
still not been taken off, the amplitude of the tip's 
oscillations is minimal, As the surplus is successively 
removed, the amplitude will increase in proportion to the 
magnitude~ of change of the piece*s dimensions, 

Consequently, the magnitude of the change in ampli- 
tude of the probe's oscillations will, in this case, define 
the amount of surplus removed from the piece, 

There exist many methods of remote measurement of 
amplitude magnitude, The simplest,and at the same time 
very accurate,of these is electrical, when the oscillatory 
system is rigidly connected with the armature of a minia- 
ture magnetoelectric vibrogenerator, 

If the armature oscillations occur with constant fre- 
quency, then the magnitude of the voltage of the induced 
current will be proportional only to the magnitude of 
the amplitude, By measuring the vibrogenerator's voltage 
by a voltmeter, the scale of which is calibrated in milli- 
meters, one can determine remotely the magnitude of 
change of the pieces dimensions in the process of its 
working, 


The yibrating probe eliminates sliding of the measuring 


tip along the surface of the moving piece, since it touches 
the piece for only very short intervals of time (of the order 
of microseconds), approaching it each time in a direction 
perpendicular to the surface to be measured, 

Since the piece is moved, each contact with it is 
made at a new point of its surface, In completing 100 
oscillations a second, the tip makes the same number of 





devices which are required by almost all the active in- 
spection devices in existence, 


The flexible connection of the transducer with the 


surface of the piece protects the transducer from disruptions 
of calibration from random mechanical shocks experienced 
by the tip. 


The electrical connection of the transducer with the 


sensitive measuring instrument allows the implementation 
of remote measurement, permits any increase in magnitude 
of the translation which depends only on the relationship 
of transducer power and measuring device sensitivity, 


allows the measurement results to be averaged, and, 
finally, makes it easy to obtain a current pulse for intro- 
ducing commands of the executive mechanism controlling 
the machine stand, The generator principle of transforming 
mechanical parameters to electrical ones is the most 
reliable, simple and stable, since it requires no auxiliary 
apparatus in the form of stabilizers, electronic amplifiers, 
etc, Use of this principle simplifies the installation and 
use of the instrument, The transducer, hooked up to the 
indicating instrument, is a complete aggregate, always 
prepared for action and not requiring a new calibration 
when the object to be measured is changed, 

The magnitude of the contact force of the vibrating 
tip at the moment when it touches the surface of the piece 
does not exceed 1 to 3 grams and, for a narrow range of 
measurement (for example, for measuring microirregulari- 
ties), may be reduced to tenthsofa gram, The smallness 
of the contact force is explained by the fact that each 
successive contact, after the first, cf the probe with the 
piece occurs at the moment when the speed of the probe’s 
motion is minimal and, in its turn, is determined only by 
the magnitude of the impulse obtained by the probe from 
the synchronous swinging electromagnet during one 
half-period, 


After a great deal of design and investigative work, 
and testing of transducers on various machine stands, there 
was developed a type of universal transducer, whose 


measurements at different points on the piece, The quantity dimensions were satisfactory for its mounting on different 


obtained as the result of each measurement will be trans- 
formed to the corresponding amplitude of the induced ac 

voltage, By means of an electrical scheme and the choice 
of a measuring instrument with the necessary frequency of 
natural oscillation of its moving system, one can average, 
within wide limits, the results of measurements over time, 


For a vibrating probe, the speed and direction of the piece's 


motion in the plane perpendicular to the line of measure- 
ment are indifferent, and do not affect the results of the 
measurements, Oscillations of the tip with amplitudes 
greater than the surplus allow it to get over sharp humps 
on the surface of the piece and irregularities, even for 
comparatively large speeds of motion, make it possible 
to measure pieces with surface discontinuities (bushings 
and shafts with key and splined grooves), and introduces 
the instrument into apertures to be ground together with 
the abrasive wheel, all without having recourse to special 






stands, with high sensitivity, indication stability, uniformity 
of scale for requirements of piece inspection during the 
working process for the operations of external and internal 
grinding of cylindrical pieces, plane grinding, turning, 
boring, honing, 

Figure 1 shows the over-all view of the transducer, 
and Fig. 2 showsits kinematic and electric scheme, In 
the frame of the transducer, which is a cylinder of dia~ 
meter about 30 mm and length about 100 mm, two electro- 
magnets are placed, On one end of their face surfaces one 
end of the plane spring is rigidly fastened, The other 
end of the spring is attached to the transducers moving 
system which has two extensions, one of which is the probe 
with a tip which makes contact with the piece, the other 
of which passes through the center of the cylindrical 
frame and is attached to the armatures of the two electro- 
magnets, The electromagnet positioned closer to the plane 
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changes in the magnetic field strength in the armature 
and induce an electric current in its winding whose voltage 
is proportional to the speed of these changes, 

The speed of the armature's pole piece during its free 
oscillations varies sinusoidally, Passing through the inter- 
polar distance, the armature has its maximum velocity, 
while at the limiting positions this velocity equals zero, 
The ac current induced in the winding has the same correct 
sinusoidal form, With the oscillations of the transducer's 
moving system limited by contact of the tip with the piece 
at the moment of its boundary position, the sinusoidal 
character of the induced emf is not changed, This allows 
one to obtain a scale with uniform and stable scale 
divisions, 


Large frictional losses, excessive power of the 
swinging electromagnet, a very largerange of limitation 
of the probe amplitude in comparison with the amplitude 





Fig, 1. Exterior view of the 
universal vibrocontact transducer 
with rotatable probe, 


of its free oscillations, all these lead to a distortion of the 
curve’s form and, correspondingly, to nonuniformity in the 
scale divisions and instability of instrument graduation, 


Figure 3 shows an oscillogram taken off for the 


spring serves to swing the probe, It is supplied from the operation of a normally adjusted transducer, The two 
industrial ac line, traces here, with a common null position, are the voltage 
The second electromagnet is the winding of the curves of the generator and of the 50 cps supply for the 
generator, positioned on the casing attached to the trans- swinging electromagnet, On the oscillogram has been 
ducer frame, wtih an aperture in the central portion, In photographed the processes of switching in and out of 
this aperture, the armature, consisting of a lamina of electromagnet swing, The swing of the transducer's 
transformer steel, can oscillate freely, moving system up to its maximum amplitude (0,7 mm) 
At a very small distance from the armature end are occurs in the course of 8 to 10 periods, i.e,, during a 
placed two constant Alnico magnets, a closed magnetic time of about 0,2 seconds, After switching off of the 
circuit surrounding the generator winding, Oscillations electromagnet swings, the oscillations are smoothly 


of the armature before the poles of different polarity induce damped at the same frequency, which shows the correct- 
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Fig, 2, Kinematic and electric scheme of the vibrocontact transducer, 1) Generator; 
2) central connection of moving system; 3) swinging electromagnet; 4) flat spring; 

5) probe with a tip; 6) curve of tip's position; 7) curve of electromagnet's voltage; 

8) curve of the tip's speed of motion; 9) carve of generators emf, 
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ness of the tuning of the moving system's natural frequency, 
and the smallness of the frictional losses, 

All that has been said earlier is necessary to take 
into account only in the development of a new physical 
design of the transducer, A correctly designed and ad- 
justed transducer, in conjunction with its measuring instru- 
ment, provides stability of graduation under any conditions, 
and requires no surveillance or new graduation during its 
use, As measuring instruments, one can use magneto- 
electric millivoltmeters or microammeters of any type. 
The choice of some measuring instrument or another is 
determined by its dimensions, required class of accuracy, 
convenience, reliability and conditions of use, As a 
function of the chosen type of measuring instrument, one 
designs the winding of the 2<.\cator in which the emf is 
induced, The best operation of the measuring instrument 
is provided in the case when the generator‘s internal im- 
pedance equals the impedance of the external circuit of 
rectifiers and measuring instrument chassis, The use of 
a magneto-electric instrument stems from the require- 
ments of high sensitivity, uniformity of scale divisions 
and low power drain, The most appropriate type of in- 
strument for factory conditions, as concerns electrical 
data, is a type M-24 microammeter with a scale up to 
100 microamperes, 

Figure 4 shows a measuring device assembly, The 
scale of the instrument has been replaced by a new one, 
calibrated from the transducer, allowing one to read off 
directly changes in the dimensions in fractions of a 
millimeter, 


The limited size of the electric measuring instru- 
ment's scale does not permit full use to be made of the 
broad range of dimension measurement possessed by the 
transducer when the maximum amplitude of its tip's 
oscillations is 0,7 mm, or to obtain the micron accuracy 
thus provided, Shunting of the measuring instrument, or 
introducing an additional resistance increases the range 
of measurement, but with a simultaneous increase in the 
scale division, For active inspection it ismost efficient 
to use the limited scale of the measuring instrument for 
reading with the greatest accuracy and clarity only at the 
limits of the approach of the piece*s dimensions to the 
given ones, For this purpose, the measuring instrument's 
movable system is clamped, by a stretched spiral filament, 
to an arrester of pointer motion which is positioned at the 
zero scale division, and is so designed that its deviations 


from the rest position occur for three- or four-fold values 

of the maximum current stated on the scale, The measuring 
instrument*s winding can bear such an increase in current 
without danger, 

By changing the magnitude of the stretch on the 
pointer filament at the zero rest position, one succeeds, 
while still retaining high sensitivity, in changing the ab- 
solute magnitude of the range of measurement, When 
taking off a large surplus with the vibration transducer, 
this allows one to obtain higher sensitivity of the measuring 
instrument only when the pieces dimensions approximate 
to the nominal ones, The rest of the time, the instrument's 
pointer will press against the stop to the left of the zero 
division, 


Experience showed that, for an assembled vibrocontact 
transducer, it is desirable to produce microammeters with 
adjustable preliminary stressing of the movable system, 
allowing one most simply to use the entire range of trans- 
ducer measurement in the limits of 0,1 to 0.7 mm, with 
the smallest scale division being 2 microns, The trans- 
ducer supply is taken from the ac line via a small-power 
transformer which steps the voltage down to 6 volts, The 
transducer draws abou: 0,2 watts of power. Oscillations 
of the line voltage up to 30% do not affect the results of 
measurement, 

















Fig, 4, Measuring device assembly, consisting 
of a universal vibrocontact transducer and a 
microammeter with rectifiers mounted in the 
chassis and with a transformer for the transducer 
supply from the 220 volt line, 
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In addition to the basic, most simple, scheme of 
connecting a transducer to a measuring instrument, there 
was developed a measuring device with two transducers, 
connected in a compensation circuit, 

The nub of this device is that one transducer directly 
measures the piece dimensions, and the voltage generated 
by it is compared with a voltage supplied by the second, 
compensating, transducer, A measuring instrument whose 
zero scale division is in the center of the scale is so 
connected that, for equality of the voltages of both trans- 
ducers, its pointer is established at the zero division, 

The amplitude of oscillation of the compensating trans- 
ducer*s probe is limited by a micrometric device, The 
adjustment of the measuring device is implemented by 

a preliminary processing of the first workpiece, By 
regulating the position of the working transducer with 
respect to the piece, one establishes the amplitude of 
oscillation of the working transducer at a somewhat higher 
quantity than the surplus on the piece, Thereafter, by 
means of the micrometric devices, the amplitudes of the 
compensating transducer are regulated until the zero 
position of the measuring instrument's pointer is reached, 
indicating that, in the given case, the nominal dimension 
has been reached, After this, a new piece, clamped in the 
stand, is worked until its dimensions reach the nominal 
value or lie within the admissible limits stated on the 
measuring instrument's scale, 

The compensation scheme makes it possible to carry 
out remote electrical tuning of the measuring instrument, 
to use the measuring instrument without preliminary 
stressing of the movable system on the stop, to permit 
the working transducer to operate with any amplitudes, 
to switch the measuring instrument to different scale 
divisions by shunting it by different resistances and, thus, 
to follow the dimensions from the beginning of surplus 
removal, By connecting, instead of the measuring instru- 
ment, a high-sensitivity relay or an electronic device with 
an analogous action, one can send impulses to control the 
stand when the piece dimensions established by the micro- 
metric devices have been attained, One can also send any 
number of successive pulses to control the machine stand 
as the dimensions of the piece get closer to the given 
dimensions, wherein it is necessary to use the first pulse 
for shifting the stop limiting the amplitude of oscillation 
of the compensating transducers probe to the next degree 
of dimension, The use of such a measuring device permits 
the implementation of program control by servo drives, 
both by time and by previously given dimension degrees 
(orders of magnitude), 


In measuring aperturesby the single-contact scheme, 
errors arise in the grinding process from the mandrel 
being squeezed out of the workpiece by the cutting forces, 
Installation of a second, compensation, transducer in 
which the amplitude of probe oscillations is accurately 
limited by the ground surface of the face plate, as shown 
in Fig, 5, allows these errors to be compensated auto- 
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matically, Squeezing out of the mandrel from the ring 
to be ground engenders a decrease in the amplitude of 
oscillation of both transducers by one and the same 
amount, Since the voltages tapped off from the trans- 
ducers are connected, after rectification, in series 
opposition, the resulting indication of the measuring 
instrument is not changed, 
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Fig. 5. Scheme of a measuring device 
with two transducers for measuring 
aperture diameters with automatic 
compensation of errors from the man- 
drel being squeezed out of the work- 
piece by the cutting forces, 1) Ring 
to be ground; 2) abrasive wheel; 

3) face plate; 4) compensating trans- 
ducer with the controlling device; 

5) working transducer, 


When the hole to be ground has been ground to the 
given dimension, the voltages of both transducers are 
compared and the pointer of the measuring instrument 
is established at the zero division at the center of the 
scale, Adjustment for the given dimension of the hole 
is implemented by shifting the compensation transducer 
by means of a screw, changing the transducers's position 
with respect to the face plate‘s cylindrical surface, 

On the basis of a vibrocontact transducer, one easily 
solves the problem of building an automatically compen- 
sated measuring and controlling instrument with a large 
angular scale, The compensating voltage is taken off 
from the transducer whose amplitude of probe oscillation 
is limited by the profile of a cam positioned on the axis 
bearing the measuring instrument's pointer, The cam 
and the pointer are turned by a servo motor supplied by 
the amplified error emf of the working and compensation 
transducers (i,e,, by the amplified voltage difference), 

The advantages of such an auto-compensated device 
over the analogous devices with wire potentiometers are 
the absence of dc supply sources and normal elements, 
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the decrease of the servo motor power to a very low 
magnitude, since the rotation of a profile cam requires 
virtually no force apart from that of overcoming the 
friction in its supporting miniature bearings, 

The low power of the servo motor allows the number 
of amplification stages in the mismatch amplifier to be 
decreased, and decreases the dimensions of the entire 
instrument, On the basis of a universal vibrocontact trans- 
ducer, there were designed, built and tested instruments 
for inspecting hole diameters in a grinding operation in one 
section, inspecting deep, large-diameter holes along the 
entire length, for inspecting hole diameters in discon- 
tinuous surfaces in one section, diameters of smooth and 
ground shafts over the entire length, trunnion diameters 
from 3 to 8 mm with tolerances of 4 microns, diameters 
of shafts on universal precision lathes, for the inspection 
of deep holes for honing over the entire length, 


In all these experiments, the universal vibrocontact 
transducer devices operated without failures, providing 
stability of results, high sensitivity and lack of tempera- 
ment with respect to operating conditions in strong jets 
of cooling fluid (water and kerosene), The transducer 


operated reliably in difficult dusty conditions with dry 
grinding and with various size chips on the lathe, 

The vibrocontact transducer satisfactorily solved the 
problem posed, namely, to create a unified design for the 
basic assembly for the measuring devices of active 
inspection, 

The physical design of the transducer is quite compact 
and is completely sealed hermetically, The probe, free 
to rotate by 360 degrees is provided with a hard-fused 
tip and makes it possible to implement measurement of 
opened surfaces and holes, The transducer's sensitivity 
and small contact force allow measurements to be made 
with micron accuracy, 

Adjustment of the transducers during their assembly 
provided identity of their sensitivities, allowing inter- 
changeability of transducers and measuring instruments, 
The transducer can be used for visual inspection in the 
working process, for active inspection in automated 
inspection, for implementing feedback of actual dimen- 
sions in machine stands with program control, for feeding 
dimension information to computing devices and as the 
controlling organ in automatic following and copying 
systems, 
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QUESTIONS OF STABILITY OF OPERATION OF CLOSED (OR LENGTHY) 
SCHEMES CONSTRUCTED OF CERTAIN TYPES OF LOGICAL ELEMENTS 


I, Gashkovets andN, P. Vasil'eva 


Prague, Moscow 


Translated from Avtomatika i Telemekhanika, Vol, 21, No, 6, pp. 892-901, June, 1960 


The requirements on the “input-output” characteristics of logical elements are developed for providing stable 
operation of rings or lengthy circuits of these elements, Conditions are derived which are necessary for obtaining 
characteristics of this nature for schemes consisting of identical logical repeaters or identical inverters, 


1, Stability Conditions for Closed Circuit Operation 

It is well known [1] that, to obtain stable operation 
of ring circuits consisting of identical logical elements 
(for example, ring counters, shift registers, or dynamic 
memory flip-flops), it is necessary that the “input-output” 
characteristic of the open-loop ring have the form shown 
on Fig, 1, i.e., for input signals less than some critical 
magnitude the characteristic should fall below the line 
0-1 and, for signals larger than the critical value, should 
lie above the line 0-I, Thus, the characteristic must 
have three segments: 

first segment, lying below the line 0-1, on which 
du oyt/ du; <1; 

second segment on which du, )/dujy > 1: 

third segment, lying above the line 0-I, on which 
duy¢/duy, < 1. 

A characteristic of this type will always have two 
stable points of intersection (near 0 and I) with the line 
0-1 representing the geometric locus of points on which 
the input equals the output, i,e,, with the characteristic 
of the closed system, These points are the two stable 
states of the closed system for zero and for complete 
outputs, 

If the circuit is a long open circuit of logical elements, 
then, for proper operation of such a circuit it is also 
necessary that signals less than some critioal signal u,, 
be damped in it, and that signals greater than this critical 
value pass without damping, 

Obviously, the conditions for proper operation of such 
a scheme coincide with the stability conditions for a ring 
circuit which, in this sense, is equivalent to an open-loop 
scheme with an infinite number of elements, 

For ring circuits constructed of asynchronous or 
single-cycle elements, it is necessary that each element 
of the circuit have a characteristic such as that shown 
in Fig, 1, since the minimal number of elements forming 
a ring circuit equals one, 

In two-cycle schemes, the minimal number of elements 
forming a closed ring equals two, Therefore, to obtain 
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stable operation of a closed scheme consisting of identical 
elements, it is mandatory that each element have the 
input-output characteristic such as that of Fig, 1, but that 
the total input-output characteristic of two series-connectel 
elements have the form defined above, 

Below we shall consider only two-cycle systems of 
elements, in which a closed-loop scheme must always 
contain an even number of elements, 

We consider what requirements must be placed on the 
characteristics of each element in order that two series- 
connected elements (Fig. 2) in a closed-loop circuit 
operate stably, 

Ring circuits are ordinarily constructed either of 
repeaters or of inverters, 

Repeaters, Fig, 3 shows three types of repeater 
characteristics (curves 1, 2 and 3), Series-connection of 
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two identical repeaters with characteristics of this type 
does not permit one to obtain an over-all input-output 
characteristic with two stable states as on Fig, 1, This 


2. Analysis of Repeater Operation 





We consider, from the point of view of stability of 


operation, logical elements constructed on the principle 


is easily explained by refering to Fig, 4, A series-connection of single-core fast-acting Ramey amplifiers, 


of two repeaters with characteristics of different types, 
such as curves 2 and 3 of Fig, 3 allows one to obtain an 
over-all input-output characteristic with two stable states 
(Fig. 5), But, to construct a ring circuit of such elements, 
it is necessary to have two types of repeaters, which is 
usually inconvenient, 
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Thus, if the ring circuit must be constructed of 
identical repeaters, it is necessary that each repeater 
have an input-output characteristic of a form similar to 
the form of the characteristic of Fig. 1, 

Inverters, To obtain stable operation of a closed-loop 
scheme consisting of inverters, it is sufficient if the 
characteristic of each inverter element has the form 
shown in Fig, 6a and b by the solid lines, Then, with a 
series connection of two elements, the over-all input- 
output characteristic will possess two stable states for 
closed-loop operation (the solid lines in Fig, 6c), 

If the inverter has a characteristic similar to that 
shown by the dashed lines in Fig, 6a, then a closed-loop 
scheme of such inverters will not be stable (Fig. 6c, the 
dashed line), 
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The scheme of a circuit segment of two such logical 
elements is shown in Fig, 7, The voltages are so chosen 
that 
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‘ie as nel _2 


Conditions for stable operation for signals close to 
the maximum, In cores made of material with a rectangu- 











lar hysteresis loop, the actual ratio B./B, is always less 
than unity, This leads to a small phase shift between 
currents and voltages, both in the working and in the 
controlling circuits of the cores, However, for those 
parameter relationships which occur for normal operation 
of logical elements, the lag of the leading edge for the 
output voltage is always larger than the lag of the be- 
ginning of the controlling half-period, Therefore, in the 
sequel, in order not to complicate the analysis, we assume 
that the form of the curve of the output voltage of each 
element is a half-wave supply voltage of the working 
circuit with cut-off & min at the beginning of the half- 
period, This assumption is very close to the actual 

facts since, due to leakage through the diodes of the work- 
ing circuit, the core is somewhat demagnetized during 

the controlling half-period, even for a maximum controlling 
signal, 











Fig, 8, 


For a sinusoidal supply, the form of the element's 
output voltage is shown in Fig, 8. The presence of a 
cut-off in the output voltage u, of the first element leads 
to a further increase in the cut-off angle of the output 
voltage us of the following element, This is explained 
by the fact that, at the beginning of the controlling half- 
period, the following element, under the action of 
reference voltage u,, begins to be demagnetized until 
“time” Ogmine For Wt = Mgmin, demagnetization ceases, 
since diode V* will block voltage u, for the condition that 
lug! =u"). 

After this, the magnetic flux in the core during this 
half-period still cannot return to the original saturated 
state, since the diode remains cut-off, 

Therefore, at the beginning of the working half- 
period of the second element, the magnetic induction 
of its core is less than B. by an amount corresponding to 
the demagnetizing action of voltage uy, in the interval 
0 < Wt < Ogmin. 

Consequently, output voltage us will have a cut-off 

‘angle &, with &; > Amin. 

Thanks to this, the element's input-output characteris- 

tic, controlled from the output of the same element in- 
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dependently of the ratio of the numbers of turns, w.. and 
Wo will lie below the line 0-1 (Fig, 1). 

It is impossible to eliminate this phenomenon by 
increasing the amplitude of controlling voltage up, since 
an increase in the amplitude of the controlling voltage 
only increases the voltage drop, cutting off diode V’. 
Therefore, an increase of the ratio of the voltage supplying 
the operating circuit u, to the voltage u supplying the 
controlling circuit, which can be achieved by increasing 
the ratio Wo/Wes gives nothing in this sense, 

The presence of leakage in the controlling circuit 
diode V’, of the second element can dilute this phenomenon 
somewhat, since it creates the possibility of returning the 
flux to the initial state during the time when u, > u4. 

The presence of leakage in the operating (working) 
circuit, as was previously said, can only strengthen the 
inequality @; > Qgnjns i.€., worsen the characteristic 
(Fig. 9). 

However, improving the input-output characteristic 
by increasing the leakage of current through diode V" of 
the control circuit is disadvantageous, since the diode's 
leakage current must be greater than the magnetization 
current of the core's controlling winding, and this sharply 
decreases the number of admissible input diodes of the 
circuit, which are used to obtain logical functions of one 
kind or another, 

The most correct way to improve the input-output 
characteristics of such elements is to reduce the form of 
the supply voltage u%, of the control circuit to the form 
of the controlling voltage for full output, so that, during 
the entire controlling half-period, the condition | uel = 
= | uj! will hold, 

For this, with a sinusoidal half-wave source, the 
supply voltage in the controlling circuit must have a 
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cutoff a» in the controlling half-period equal to, or 
greater than, the quantity min, as shown in Fig, 10, 

For such a forin of supply voltage of the control 
circuit, the element's input-output characteristic for 
Qo = Aemin Will have the form of curve 1 in Fig, 11, 

If the cut-offangle a» of the control circuit's supply 
voltage is chosen greater than mijn then, for control 
signals for which Ogr,4, < &2 < Mo, the core will generally 
not be demagnetized, and the output voltage will be com- 
plete (the upper horizontal portion of the characteristic 
(in Fig, 12), For control signals for which a&,.> a», the 
core is partially demagnetized and the output is decreased 
(the sloping portion of characteristic 1 in Fig, 12), 

An increase in the minimum magnitude of the output 


voltage gives rise to a decrease of the quantity \ uidwt 
iu) 
due to cutoff, This decrease can be compensated by in- 
creasing the amplitude of us but, with this, there occurs 
opening of diode V in the operating circuit during the 
controlling half-period which loads the control circuit, 
The core is demagnetized under the action of voltage Uc» 
applied to the control winding, this voltage being less 
than voltage u*, by the amount of the voltage drop across 
resistance R induced by the demagnetizing current and 
the transformation from the working circuit. 


If the voltage u’, is chosen so that 


™ 


=\ uy dwt = 20,, 

ae 
then, in the controlling half-period without a signal, the 
core’s magnetic polarity will be completely reversed and 
its free-running voltage will be determined only by the 
magnitude of magnetization current in the operating half- 
period, In this case, the input-output characteristic 
will have the form of curve 2 in Fig, 11, for % = i055 
and of curve 2 on Fig, 12, for &) > Ogmin. 

Conditions for stable operation with small signals, 
Further increase of the amplitude of the control circuit's 
supply voltage leads to the consequence that, in the 
controlling half-period, the second core is saturated for 
wt< 7, 

With the previously considered conditions in the 
second core*s controlling half-period — the first core’s 
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working half-period — after the demagnetizing voltage 

wu, begins to act, i,e,, for wt > a», the second core is 
demagnetized more rapidly than the first is magnetized, 
since the first core is magnetized under the action of 
voltage u, — Ri 0 t Mo (luo + ip)/w.), and the second 
core is demagnetized under the action of voltage up — 
-i.R =-u, — i,R, where ii,, is the magnetization current 
of the operating circuit, and ip is the transformation 
current, 

After negative saturation of the second core, at time 
Wt = oO), (for signals close to zero), magnetization of the 
first core continues under the action of voltage u,— uh. 

It can be shown that, at the end of the half-period, the first 
core has returned to its original state, i,e,, that the satura- 
tion of the second core in its controlling half-period, for 
G4, < 7, does not affect the stability of the circuit's 
operation, 

Demagnetization of the second core until negative 
saturation in the controlling half-period occurs for signals 
for which the cut-off angle a, = a,, since, under the 
action of such signals, the second cores control circuit 
is disconnected after its saturation, Thus, the second 
core*s output voltage will equal zero independently of the 
magnitude of the cutoff angle a, of the first core, with 
the condition that a, =a,,, This leads to the consequence 
that, in the element's characteristic, there appears a 
lower horizontal segment (curve 3 in Fig, 11 for a, = 
= Gemin and curve 3 in Fig, 12 for @» > G55). This 
characteristic possesses all the properties necessary for 
stable element operation in closed circuits(Cf., Fig, 1), 

Thus, for an element executed in accordance with 
the scheme of Fig, 7 to have the characteristic necessary 
for stable operation in closed or lengthy open circuits, 
it is necessary that the controlling circuit's supply voltage 
have cut-off a») whose magnitude must exceed the 
minimum possible cutoff sin of the element's output 
voltage induced by incomplete rectangularity of the core 
material, The amplitude of this voltage must be chosen 
from the condition 


a 
| 
Owe Vda = 20,, 
a, 
where yy < 7. 


The choice of the voltage u% from this condition 
always entails that the voltage transformed from the 
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element's controlling circuit to its working circuit is 
higher than the working circuit's supply voltage up and 
opens diode V of the working circuit, 

In order to avoid this, one can either open the 
element's working circuit in the controlling half-period 
or increase the supply voltage of the element's working 
circuit in the controlling half-period, The first is achieved 
by connecting in the element's circuit, instead ofresistance 
R, 4 nonlinear resistance in the form of a diode, opened 
in the working circuit only during the working half-period 
(Fig. 13) by means of auxiliary voltages ul’ and uy 
properly phased, 

The second can be achieved by using a special supply 
source [2] or by the circuit of Fig, 14 which allows one 
to obtain a larger half-wave supply voltage for the working 
circuit in the controlling half-period than in the working 
half-period, so that the following relationship holds 
during the course of the controlling half-period 

Ww 
9 = —Ua Dua’. 
c 

Returning now to the logical elements of the scheme 
of Fig, 13, we note that the operation of the elements of 
the scheme of Fig, 13 differs from the operation of the 
elements of Fig, 7's scheme only in that, instead of re- 
sistor R, there is a nonlinear resistance (a diode, controlled 
by voltage uA or up’ ) which is close to zero during mag- 
netic polarity reversal of the core and, after saturation 
of the cores, increases sharply and limits the current, 
Thanks to this, the elements of the scheme of Fig, 13 
have lower losses in the active impedances of the windings 
and the forward impedances of the diodes which, in our 
previous considerations, we neglected, This decrease of 
losses in the elements permits an increase in the number 
of elements which can be connected at the output of 
each element, which is very important in complicated 
logical schemes, An increase in the operating voltage 
in the controlling half-periods in the scheme of Fig, 7 
leads to the same advantage, 
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However, the use of nonlinear impedance V"* (the 
scheme of Fig. 13) instead of resistor R (scheme of Fig, 7) 
or an increase in the working voltage of the scheme of 
Fig. 7 do not change the character of the element's 
operation from the point of view of obtaining an input- 
output characteristic necessary for stable element opera- 
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tion in closed circuits, Therefore, the conditions for stable 
operation remain the same as those obtained for the 
scheme of Fig. 7. 


3, Analysis of Repeater Operation with a Simplified Source 
of Supply 


We consider still another form of logical element 
based on the Ramey scheme (Fig, 15), This scheme differs 
from that of Fig, 7 in that it has one and the same source 
of supply for the working and the controlling circuits, 
which would correspond to a choice of u, = uy in the 
scheme of Fig. 7. 
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Fig, 15, 


We now show that, to obtain a stable characteristic 
for the scheme of Fig, 15, it is necessary to connect a 
resistance R, in the control circuit, while simultaneously 
choosing w,, < Wo. 

We consider the operation of element II in the absence 
of an output from element I (i.e., for a null signal), We 
assume that the voltage drop across resistorR from the 
magnetization current iy, of the operating circuit of 
element I is small in comparison with voltage u,. 

Then, magnetization of element I will occur almost 
from the very beginning, of the working half-period, i.e., 
as soon as U, becomes greater than zero (Fig. 16), under 
the action of voltage 


Re Re 


Us = (Uy — tut) Rie ARERR: 


With Wt = &», when the current flowing through the 
controlling winding of core II attains the magnitude of 
the demagnetization current i ¢ of core Il, i,e,, the 
quantity u,/(R + R,) becomes equal to i,,., core II begins 
to be demagnetized under the action of voltage u,, =—w, + 
+ incRes where u, = u Ring + inch 

The diode of the second element's operating circuit 
remains cut off until the inequality lu, lw. /w .* lu | no 
longer holds, After the advent of the ‘inequaltiy | uot W / 

Wo w, I Uy | (for wt > a,), this diode is opened and the 
transformation current appears which is added to the 
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current i,,,, and demagnetization occurs under the action 
of the voltage u, =—u, + (ine + Lp )Ree where u, = U, — 
~ RU, + tic +i). 

Atter voltage u, passes through its maximum, all 
these phenomena repeat in the reverse order: For wt = af 
diode V is cutoff and transformation ceases, then de- 
magnetization of core II ceases for wt = a, .. 

To meet the conditions for obtaining a stable input- 
output element characteristic, it is necessary, first, to 
choose the magnitudes of R and R,, so that the current 
of the second element's control circuit, approximately 
equal, until the beginning of its magnetic polarity reversal, 
to the quantity u a/R +R), attain the magnitude iyo for 
Wt = Oo, where Op > Oamin (Agmin is the minimum cut-off 
angle of total output voltage, defined by the nonrectangu- 
larity of the core material's hysteresis loop and the working 
circuit diode's current leakage), Second, the ratio of 
number of turns w,/w,, must be so chosen that the equality 

- °M 
~{ ug dwt = “3 \ Ue dot, 
Wo. w 


0 c a 


holds, i,e., that the core 


be demagnetized during the controlling half-period by 
the same amount as the core in the working half-period 
is magnetized, 

From Fig, 16, it is easily explained that, for small 
control signals for which a, > a, /, the output voltage of 
element II will be determined only by the voltage drop from 
current iyo, i.e,, the element's input-output characteristic 


will have a lower horizontal portion (Fig, 17), Analogously, 
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Fig, 16, 


for control signals for which 0 <a, < ap, i,e,, for signals 
less than the full output signal, the output voltage of 
element II will equal the maximum, i,e., the input-output 
characteristic will have an upper horizontal segment 

(Fig, 17), 

Thus, the scheme of Fig, 15 possesses a stable input- 
output characteristic for correctly chosen parameters when 
it operates from an ordinary ac supply source without use 
of a device creating a cut-off in the controlling half-period 
of controlling supply voltage, This is the virtue of the 
scheme of Fig, 15, The presence of transformation current 


in the element's controlling half-period is a disadvantage 
of the scheme, since it increases losses in the element and 
decreases the number of elements it is possible to connect 
to the output of each element, To eliminate this dis- 
advantage, one can increase the amplitude of the working 
voltage in the controlling half-period if one uses a special 
asymmetric supply source (Fig, 14) with two output voltages 
and a common current, 

When a supply source with one output voltage is used, 
this is not possible, 
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In that case, in the circuit of Fig, 15, instead of 
resistor R, one can use the same diode with an auxiliary 
voltage as in the scheme of Fig, 13, The scheme thus 
obtained (Fig, 18) has a stable characteristic without a 
special cut-off inthe supply circuit of the element's con- 
trol winding and has sufficiently small losses, i,e,, permits 
the control of a large number of logical elements connected 
to the output, 


We note that schemes of the type of Figs, 10 and 13 
possess stable characteristics only for such forms of supply 
voltage curves which have leading edges with finite slopes 
(as, for example, sinusoids or trapezoids with sloping leading 
edges), Only in this case is automatic cut-off obtained, 
With a rectangular supply, the angle a, will equal zero, 
and automatic holding of the condition 0 < o < dy is 
impossible, 
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4, Analysis of Inverter Operation 

Figure 19 shows a circuit segment consisting of two 
logical elements, namely inverters, 

It was shown earlier that, for stable operation of closed 
inverter circuits, it suffices that each element have an 
input-output characteristic of the form shown by the solid 
line in Fig, 6a, i,e,, the output voltage must be close to 
zero for signals which do not attain the maximum value, 

We now consider the conditions which must hold in 





the circuit of Fig, 19 in order to obtain such a characteristic. 











Fig, 21, 


In order that the first element may control the second, 
the number of turns w,, must be chosen less than w,, This 
is required so that, in the first core’s operating half-period, 
demagnetization of the second core may occur only after 
termination of the first core's magnetization, For a 
magnetized core, its control circuit is always open in the 
working half-period, since the voltage transformed in the 
control circuit for a magnetized core is always less than 
the supply voltage (since w. < w,,). 

For demagnetization of the second element's core in 
its controlling half-period, i.e., after saturation of the 
first element's core, the voltage transformed in the second 
element's working circuit can exceed the element's supply 
voltage u,. In this case, diode V; will be opened, and a 


transformation current arises, However, the ampere-turns 
induced in the third element by this current will not 
suffice for demagnetizing this element's core, 


In order that the second element's output voltage reach 
zero for control by an incomplete signal from the first 
element, it is necessary that demagnetization of the second 
element's core in its controlling half-period occur more 
rapidly than its magnetization in the operating half-period 
(Fig. 20), This can be achieved by choosing the ratio 
of the number of turns by starting from the condition 


1 ¢°M ° 

aiid \ u cdut = \u dwt = 2®.,, 
WW WWo. 
2m 0 


where u,, = u, — (ing + LPR and &, < mins 

For equal speeds of magnetic polarity reversal in the 
controlling and operating half-periods, an input-output 
characteristic of the form of that shown in Fig, 6a, cannot 
be obtained, 


The presence of transformation current for core de- 
magnetization increases the element's power requirements, 
i,e., decreases the number of logical schemes that can be 
hung on the element's output, Transformation may be 
obviated by using an aysmmetric supply source (Fig. 14), 


Figure 21 shows an inverter scheme not requiring 
an asymmetric voltage supply, in which resistor R is re- 
placed by a controllable nonlinear impedance, namely, & 
diode, The diode prevents the formation of transformation 
current since auxiliary voltage u‘’ cuts it off in the non- 
working half-period of the second element, In addition, 
for saturation of the cores ofthe first and second elements, 
which occurs at the end of demagnetization for signals 
larger than the signal corresponding to the point of inflectia 
of Fig. 6a, diode V" is cut off andlimits the elements’ 
current, which is important for operation on several logic# 
elements, 
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ON ONE METHOD OF CONSTRUCTING 
ANALOG-TO-DIGITAL TRANSFORMERS 


A. K. Zavolokin and G, I, Kurakhtanov 


Moscow 
Translated from Avtomatika i Telemekhanika, Vol, 21, No, 6, pp, 902-906, June, 1960 


A method is suggested for constructing a transformer of voltage to its numerical equivalent, the method being 
based on a preliminary transformation of the input quantity to proportionate time intervals by integration, 


A block schematic of the transformer and an analysis of its operation are provided, 


For the transformation of voltages to their digital of the preliminary transformation of the analog quantity 
(numerical) equivalents, wide use has been made of to a time interval, It amounts to the implementation of 
devices in which the continuous (analog) quantity is first the preliminary transformation in two steps by an integrator, 
transformed to a time interval proportionate to it, Initially, the voltage U is integrated during a strictly 
During this interval, pulses with a constant repetition rate defined time T,,,,, such that, at the end of the first cycle, 
pass through a concidence scheme and are accumulated os value staticized in the integrator will equal 


in a counter, At the end of the interval, the number 
staticized in the counter unambiguously characterizes ; 
the value of the transformed voltage, ’ 

The time intervals of the proper lengths are ordinarily input of the integrator is supplied by a generator of refer- 
obtained as the result of a comparison of the voltage tobe — ence voltage U__,. with the opposite sign from that of U. 
transformed with a sawtooth voltage, The interval com- The integration process is continued until the total quantity 
mences when the sawtooth passes through zero, The becomes equal to zero which is characterized by the ex- 
interval ends when the values of both quantities coincide, _ pression 
Thus, if the maximum value of the voltage to be trans- 


Tma 
\ " Udt, At the beginning of the second cycle, the 


T max T 


formed, U nos? corresponds to the time interval Tp,ax. \ Udt — \U mast = 0 
then the following interval will correspond to the current ‘ b (4) 
value of voltage U or 
T Tmax 
max y; (5) 
T =m U. (1) \ Udt = UnaxT; 
max a 


0 


With the repetition frequency of the pulses filling 


here T is the time of the second cycl 
the counter equal to f, the number N staticized in the 7 7 sane 


counter as the result of a transformation cycle equals The left inember of (5) can be expressed in terms of 
Ne fT (2) the average value U,,, of the voltage during time T,.4,. 
namely, 
or, by taking Eq, (1) into a t, 
y g Eq. (1) into accoun _— 
. | Udt = Uy, Tmax- (6) 
N = — my. (3) 0 


U max 


It is obvious that, with such a method of transformation From (5) and (6) we can define 


the numerical equivalent is proportional to the instantaneou 


value possessed by the voltage to be transformed at the Tmax (7) 
T=7— Vay 
end of the interval, 
Processing of the time interval by means of the 
method just described is now the generally accepted If, during the duration of the second cycle, we pass 
procedure, However, another method, with no less ad- pulses through a coincidence scheme at the counter’s 


vantageous conditions, is possible for the implementation input then, on the basis of (2) and (7), we obtain the 
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following numerical equivalent, staticized in the counter 





i 
N a: J Uy (8) 


It is clear from this last expression that, with this 
method of developing the time interval, the numerical 
equivalent corresponds, not to the instantaneous value of 
the voltage at the end of the interval (as occurs when a 
sawtooth voltage generator is used), but to its average 
value over the fixed time interval Tmax. 
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Fig, 1, Magnetic element and 
its hysteresis loop. 


A voltage transformer constructed on the basis of the 
method just described can be obtained quite simply if, 
as the integrator, one uses a magnetic element whose 
core material has a rectangular hysteresis loop. As is 
well known, when a voltage pulse u(t) is applied to the 
magnetic element's input, the magnetic flux in the core 
changes by the amount A®, This means that, if the core's 
magnetic state corresponds to point 0 (Cf., Fig, 1a) then, 
under the stimulus of the pulse, the core transfers to thie 
state characterized by point 2, Such a transition is execu- 
ted along the portion 0-1-2 of the hysteresis loop. With 
this, the magnetic flux changes by the amount 


t 
AD = \u (t) dt. (9) 


0 


In the particular case when u(t) is a rectangular pulse 
of height Ujp and duration Tx, the change in flux will 
equal 

4 = U; Tmax (10) 


We now consider the inverse problem, Let it be known 
beforehand that the core is found in state 2, Some rectan- 


gular pulse of height U_,,, is applied to the magnetic 
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element's winding, taking the core to the zero state, It 

is required to determine the time T during which the core 
makes the transition to this state, With (10) taken into 
account, the solution of this problem leads to the expression 


T max 
T = Vin ly (11) 


In the more common case, when the magnetic element 
has two windings with number of turns equal to W, and W, 
(Cf, Fig. 1b), Eq. (11) takes the form 


W,T 
fel. ape. 
in W 20 nox 


(12) 

It follows from expressions (9)-(12) that, if there is 
applied to winding W, of the magnetic element, which has 
already been established in the zero state, a rectangular 
voltage pulse of fixed duration T,,,, and unknown am- 
plitude Uj, and if, during a certain time, a voltage pulse 
of opposite polarity of sufficient duration and with accurately 
fixed amplitude U,,,,, is applied to winding W, then, at 
output winding Ws;, there will appear a rectangular pulse 
Uout Whose duration is proportional to the magnitude of 
the input voltage U;,. This has been shown quite well 
experimentally, In particular, for the practical imple- 
mentation of the transformer, the integrating elements 
were subjected to a special investigation, these elements 
having cores which were formed of five Perminvar rings 
(strip thickness 10 mm, number of turns 16, height of one 
ring 6 mm, mean diameter 8 mm), With this, the maxi- 
mum duration of the output pulse was 1000 microseconds, 
The output pulse duration was measured with an error not 
exceeding 2 microseconds, and the error in measuring the 
input voltage did not exceed 0,2%, As a result of the 
experimental investigation, it was established that the 
deviation of the relationship T = F(Ujn) from linearity 
did not exceed the errors in measurement, 




















Vin U max 
fit mx it 
trt t, 
5 " 
Yout 
Yout | ae rs 
t, t, 
G | Vv Co 























Fig, 2. Block schematic for ex- 
plaining the transformer's principle 
of operation, 
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If the signal U,,,,, is used to control the valve V 
(Fig. 2) through which the pulses from generator G pass, 
to be staticized in counter Co, then the number accumu- 
lated in the counter during the time of application of the 
output pulse will be proportional to the magnitude of the 
voltage U;,. The principle of operation of such a device 
is clear from Fig, 2, and requires no further explanation, 

If one relates the magnitude of the interval Tmax 
to the repetition rate of the pulses applied to the counter 
input, then one can automatically compensate errors 
arising because of instability of the pulse frequency or 
instability of the vaiue,of T,,,,. It should be mentioned 
that such compensation is difficult to implement in trans- 
formers based on the comparison of the voltage to 
transformed with a sawtooth voltage, 

In the transformer under consideration, these errors 
can be completely compensated by means of matching 
shift registers, as follows from an analysis of the block 
schematic shown in Fig, 3 and, in its general features, 
explaining the device's principle of operation, 
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Fig, 3, Block schematic of a transformer with two counters, 


At the beginning of operation, trigger (flip-flop) T 
is established in such a state that valve V, is closed and 
key K, is open, A current sufficient to establish the core 
in the zero position flows through winding W, of the mag- 
netic element, After the advent of a clearing pulse (CP) 
the trigger transfers to its second stable state, opening V, 
and closing Kp, Staticizing of pulses of frequency f tran- 
spires in the shift register (SR), At time t,, the final 
flip-flop of the shift register operates, opening key K,. 
This key will remain open until time t,, when the last 
flip-flop of the shift register again transfers to the zero 
state, During the interval T;,ax = te-t, 4 current, induced 
by voltage Ujn and changing the core’s magnetic state, 
passes through key K, and winding Wy. It is obvious with 
this that 

-~ 


Tmax = =~ (13) 





where m is the number of stages of the shift register, 

At time t,, key K, is closed and trigger T is trans- 
ferred to its initial state, closing V, and opening K», by 
means of a pulse obtained after differentiation of the 
trailing edge of the shift register*s output signal (the 
differentiating circuit is shown by the rectangles with the 
representations of the two heteropolar pulses; the hatched 
pulses are not used), The core is transferred to the zero 
state by the current induced by the voltage U,,,,. With 
this, a rectangular signal Upyt of duration T is put out from 
the output winding, opening valve V2. Pulses of frequency 
f pass through V, and are accumulated in the counter 
(Co). The relationship between the number N staticized 
in the counter and the magnitude of the voltage U,, can 
be determined by solving Eqs, (2), (12), and (13) simul- 
taneously, giving the expression 


2m—1W (14) 
tiie» Onax Ws" 

It is clear from this last equation that the value of the 
numerical equivalent is proportional to the voltage Uj, 
to be transformed, and depends neither on the pulse repe- 
tition frequency f nor on the absolute value of the time 
interval T, 

A more detailed analysis of the transformer just 
considered shows that the shift register and the accumulating 
counter can be combined, This is illustrated by the block 
schematic of Fig, 4, Its difference from the block schematic 
of Fig, 3 is that valve V,, via a discrimination scheme, 
shown conventionally by the diodes D, and D,, is controlled 
both by trigger T and by output pulse Upyt. With this, the 
requirement for a special counter disappears, 
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Fig, 4, Block schematic of a transformer with 
one counter, 











The operating cycle of a device constructed in accord- 
ance with the scheme of Fig, 4 is executed in two stages, 
In the first stage, there occurs a change in the core's 
magnetic state under the action of voltage Ujn which is 
coinpletely analogous to the first stage of the scheme des- 
cribed above, It is easily seen that, at the moment when 
the first stage terminates (at the moment when a negative 
pulse is applied to trigger T), all the flip-flops of the shift 
register are in the zero state, At the termination of the 
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first stage, key Ky is closed and K, is opened, The magnetic 
element is returned to the zero state, thanks to which an 
output pulse U,,,,, of the proper polarity is put out, opening 
valve Vy. Through V, there pass pulses to be staticized in 
the flip-flops of the shift register, acting now as an accu- 


mulating counter, Thanks to lock-out key Ks (which can 
be opened only after the advent of a clear pulse CP), for 


any number written in the counter, key K, will be closed 
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during the course of the entire second stage, which is a 
necessary condition for correct operation. 

The principle cited was verified experimentally on 
practical devices, which were tubeless transtormers to the 
proper binary equivalents, Among its virtues are the 
simplicity of the practical schemes, ease of implementation 
completely by semiconducting elements, absence of rigid 
requirements on stability of pulse repetition trequency f 
and transformation interval T, 
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NEW ELECTROMAGNETIC EXECUTIVE ORGANS FOR AUTOMATIC 


CONTROL SYSTEMS 


A. M. Bamdas, V. A. Kulinich, V. A. Somov, V. A. Suchkov, 


S. V. Shapiro, A. O. Schmidt 
Gor*kii 


, and Ku Shén-ku 


Translated from Avtomatika i Telemekhanika, Vol, 21, No, 6, pp, 907-917, June, 1960 


Brief descriptions are given of new electromagnetic executive organs— original transformers controlled by shunt 
magnetization, The operating principles of such transformers with feedback are given, A new group of three- 
phase transformers is described, as well as original automatic devices for transforming single-phase current to 


three- or two-phase, 


There is a very pressing problem in the creation, for 
automatic control systems, of executive organs without 
transferrable contacts, moving parts or power electronic- 
ionic elements, One of the new directions in the solution 
of this problem is the work, carried out in the A, A, Zhdanov 
Polytechnic Institute of Gor'kii, in the design and investi- 
gation of original transformers* which are controlled by 
changing the magnetization of shunts positioned in the 
apertures of the secondary windings, 

The new shunt magnetization controlled transformers 
(SMCT) are more economical than transformers [1] with 
power windings located on different cores and with magnetic 
shunts divided into two parts (Fig, 1), Inthese transformers, 
the poor electromagnetic connection of the power windings 
leads to a high utilization of copper and a low power 
factor, The leakage in an SMCT is relatively lower and, 
consequently, the weight of active material is also lower, 
An SMCT is more economical, more compact and lighter 
than a set-up with power magnetic amplifiers — with 
saturable reactors — in those cases when a transformer is 
necessary to connect the supply line with the load, Today, 
SMCTs are used by a number of enterprises in the USSR 
in various automatic devices, for example, in voltage and 
current stabilizers, in controlled rectifier machines, in 
transformers of numbers of phases, in program control 
apparatus, etc, The SMCTs in use have powers of 0,1 to 
150 kv-a; asingle-phase SMCT is being developed with a 
power of 5600 kva-a, 

The domain of application of the SMCTs can still 
not be accurately defined, due to the short span of time 
elapsed since their development, They will probably 
find further application as executive organs of automatic 
voltage controllers in those cases when reliability and 
compactness are decisive in the choice of the power 
elements, 

This paper basically contains information on various 
SMCT systems, A significant part of it reflects work 
carried out in 1959 and not yet published; data on work 

















Fig. 1, Scheme of a transformer 
with smooth voltage control, W, 
is the primary winding , W, is 
the secondary winding, W, is the 
magnetization winding, ®, is the 
flux running through the primary 
winding, ®, the flux through the 
secondary winding, ®g, the shunt 
flux and I, is the magnetizing 
current, 


executed somewhat earlier have already appeared in print 
[2]. 


1, Single-Phase SMCT 

We consider two basic physical designs of single-phase 
SMCTs, The first was developed for controllers with 
thorough control, the second is advantageous, principally, 
for executive elements of various stabilizers, 

In the first design (Pig. 2), core 1, on which primary 
winding W, is placed, and core 2, together with the 
corresponding portions of the frame, constitute the basic 
magnetic circuit, Cores 3 and 4 are the magnetic shunt, 
divided into two portions, On these cores are placed 
identical windings W,, connected in opposition and sup- 
*"A. M, Bamdas and V, A, Somov, Patent application 
No, 110770, Committee on Patents, USSR, 
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Fig. 2, Scheme of a transformer 
with a magnetized shunt positioned 
in the secondary winding's aperture: 
1 and 2 are the cores of the basic 
magnetic circuit, 3 and 4 are the 
cores of the magnetic shunt, W, is 
the primary winding, W, is the 
secondary winding, W,, is the 
magnetization winding ,?,, ®, 

and ®,, are the fluxes through, 
respectively, the primary winding, 
the secondary winding and the 
shunt, 


plied by dc magnetizing current 1,, Secondary winding 
W, encompasses core 1 with winding W, and the magnetic 
shunt (cores 3 and 4), 

The variable magnetic fluxes ®y, and ®, have con- 
trary directions, By taking this into account, we obtain 
the magnitude of the flux ®, through the secondary winding 
from the equation (in symbolic form) 

= %-%,. 

Obviously, control of current 1, and the variations 
of flux ®5, connected with this permit the implementation 
of smooth control of secondary voltage Uj}. For an in- 
variant primary voltage, the greatest value of Uy, is 
obtained for the greatest current I; in this operating mode, 
there is almost complete expulsion of variable flux from 
the shunt, 

To a certain extent, the SMCT is'a development of 
a well-known system of a controlled transformer with a 
movable magnetic shunt [3] in the aperture of the power 
winding, Indeed, the magnetization shunt in the SMCT 
is analogous in its effect to a displacement of part of itself 
(i,e., to an increase of the air gap between the shunt and 
the basic magnetic circuit), 

In the second design, shown in Fig, 3, both basic 
cores 1 and 2 are used for the locus of winding W,. In 
comparison with the first design, the expenditure of copper 
for the magnetization windings is considerably less here, 

Cores 3 and 4, symmetrically positioned at the sides 
of the basic cores are, in conjunction with the corresponding 
portions of the frame, the magnetic shunts, On these 
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Fig. 3. SMCT scheme for voltage control 
within narrow limits, 1 and 2 are the cores 
of the basic magnetic circuit, 3 and 4 are the 
cores of the magnetic shunt, Wy, Wz and Wy 
are the primary, secondary and magnetization 
windings respectively, ®, is the basic flux, 
®4, is the shunt flux (variable) and ©, is the 
shunt flux (constant), 


cores are placed the magnetization windings, connected 
in series opposition, The secondary circuit consists of the 
two W, windings, 

The constant magnetic flux ®,, induced by current 
Lis is completed by cores 1 and 2 of the basic magnetic 
circuit, 

We now characterize certain of the SMCT parameters, 

1, The power factor of the SMCT primary circuit during 
the control process for a constant active load varies within 
approximately the same limits as the power factor for 
machines consisting of transformers with series- connected 
saturable reactors, 

2, For an invariable 14 the SMCT load characteristic 
is a falling one, Automatic control of current I, permits 
an artificial characteristic of any form to be obtained, 

3. The power dissipated in the dc circuit of an SMCT 
without feedback is approximately twice the value of the 
loss in the primary winding*s copper. 

4, With account taken of the magnetization losses, 
the efficiency of the prepared specimens of SMCTs, with 
power from 1 to 50 kv-a,lies between the limits of 0,85 
to 0.95 for a normal load, 

5. The form of the SMCT's secondary voltage curve 
changes during the control process, For a nominal Iq, 
the curve is practically a sinusoid; for the least value 
of I, the distortion coefficient for the prepared specimens 
amounted to 30 to 35%, 

6, The gains and time constants of SMCTs have 
values of the same orders of magnitude as the saturable 
reactors of the corresponding power, 
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Fig, 4, Automatic control device for an electric drive with voltage stabiliza- 
tion and with current cutoff, I) and II) saturable reactors of the control scheme, 
III) stabilitron, IV) ferroresonant stabilizer, 





7. Oscillations of the line frequency, just as for with ordinary transformers, is higher by 30 to 39% and the 
saturable reactors, have an insignificant effect on the expenditure of copper is higher by 45 to 50%, 
SMCT properties, The control schemes for automatic devices with SMCTs 
8, The expenditure of active materials for an SMCT do not differ in principle from those used in devices with 
depends on its physical design, the depth of control and saturable reactors, 
the character of the load, For an SMCT (Fig, 2) with Figure 4 gives the scheme for the automatic control 
control of U,, from zero to the nominal value, approxi- of én electric drive with voltage stabilization and with a 
mately, the expenditure of steel is greater than for an sharp current cutoff; with overloading, a special device, 
ordinary transformer by a factor of 1,8 to 1.9, while the cutting in a stabilitron, sharply lowers the secondary 
expenditure of copper is greater by a factor of 2,2 to _ voltage, 
2.5, In an SMCT (Fig, 3) intended for use as the execu- 2. Single-Phase SMCT With Feedback 
tive organ of a voltage stabilizer, operating for deviations In SMCTs, as in saturable reactors, the magnetization 
of the primary voltage within the limits of + 12% from shunt can also be implemented by several individual 


the nominal value, the expenditure of steel, in comparison _ circuits [4, 5, 6], and here also it is possible to have feed- 
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back windings, initial magnetization, etc, In some cases, 
the introduction of feedback is advantageous for an SMCT, 

Here, external current feedback is implemented by 
auxiliary windings Wop located on shunts A and B (Fig, 5), 
and a rectifier bridge connected in either the primary 
or secondary winding circuit, For internal feedback, the 
SMCT's primary winding must consist of two parallel- 
connected halves W,, each of which is supplied via a 
diode (Fig, 6), In this case, auxiliary windings Wa shown 
in Fig. 5 could be amalgamated with the primary wind- 
ings W,. 

Use of external feedback leads to a decrease in the 
power of the control signal applied to the SMCT, i.e., 
to an increase in the gain and, consequently, to a decrease 
in weight of the control block, but does not decrease the 
weight of the SMCT itself, 

Internal feedback in an SMCT also leads to a relative 
decrease in the weight of copper in the transformer itself 
by approximately 15%, The expenditure of copper for the 
primary circuit of an SMCT with internal feedback in- 
creases by approximately 50% due to the fact that current 
flow in any of the W, windings only during a half a period 
and due to the decrease in the power factor, On the other 
hand, as was shown by investigations, the weight of the 
magnetization winding is decreased by a factor of from 
5 to 8, We now give several parameters of an SMCT with 
internal feedback, the transformer power being 1,33 kv-a: 
weight of winding copper 21 kg, weight of steel 23 kg, 
dimensions 416 X 152 X 270 mm, The transformer was 
designed for explosion-proof usage, 

3, Certain Elements of the Theory of Operation of a 
Single-Phase SMCT 








- We now give a mathematical analysis of the operation 


pf an SMCT which will allow us to determine the form 


of the curves of temporal variation of the quantities ij, ip, 
igs Ug ®,, the relationships between these quantities and 
the character of the transient response, 

The processes occurring in the SMCT designs considered 
here have many points of similarity with those in single- 
cycle magnetic amplifiers [4, 5]. It should be mentioned, 
however, that there are also essential differences stemming 
from the fact that an SMCT has a powerful magnetic flux 
used exclusively for voltage transformation, 

We consider the operation of an ideal SMCT, in 
which, one may neglect inductive impedance, dissipation 
of all the windings and the active impedances of the 
power windings, It is assumedthat the magnetizing force 
inducing the basic power flux ®, (Fig. 5) is negligibly 
small, The functional dependence ®,, = f (B,),) is char- 
acterized by a broken line: a sloping line until satura- 
tion and, after saturation, a line parallel to the axis of 


abscissas, 
For the scheme of Fig. 5, we have the following basic 


equations of the ideal SMCT: 


u, =i, Ri ++ (O, —Ds), (1) 

Sid a oa da~ = 

wa = isha + (Da + D~), (2) 
ig +i, (1 + Kp) = ia, (3) 
ig —i, (1 Kp) = ip, (4) 


where T=wt and Kp=Wep/ W1- 
The quantities 0, Ty, ig, Ry R,. ®,. $, : i, 7,, 1, 
are given in relative units, the base values adopted being 


Hy lsh 


Dpas= BQ g, Ubas = OWx Dyas: 10, J bas= WwW,’ 


U, 
Rbas= =. =@ 


ba 


where B, and H, are the saturation values of magnetic 
induction and field strength, Q,, and / 4, are the shunt's 
active cross section and length, and W, is the number of 
turns of the corresponding winding, For example, 


uy 
oWiB,Q 410° ’ 
ig igW4 





u= 





ig = 
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In steady-state operation, a periodic change of the 
shunt’s magnetic state occurs, 

There can be the following four stages of shunt states: 

1) both shunts are unsaturated (stage C) 


|®al<1, |Op| <1; 
2) only shunt A is saturated (stage A) 

[Dal|=1, |Og| <1; 
3) only shunt B is saturated (stage B) 


IDal<1, [Op] =1; 
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Fig. 7. Curves of the temporal variation of he bes ig. hes ip during 
one period (the cycle C-.A-C-B-C); a) without feedback (Kg, = 0) 


and b) with feedback (Kg, = 0.5). 


4) both shunts are saturated (stage H) 
|D,|=1, |Op]=—1. 


As a function of the magnitude of the primary voltage 
and the magnetizing current, the following cycles of stages 
are possible during a period: 1) C-C, 2) C-A-C-B-C, 

3) C-H-C-H-C, 4) C-H-A-C-H-B-C,.5) H-H, 

The most interesting is the cycle C-A-C-B, since only 
with it is control of the secondary voltage possible, For 
this, the instantaneous values of the currents {, and ig 
equal: 

for stage C C(0< T < T*) 


U Un , 
cos t + =z ll + cost’), 


tell is 


> Um : , 
l¢@= 1 + —7- (cost — 1), 


where Um is the peak value in relative units; 
for stage A(T*< T < 1) 
i, = —" sint 
eS Se , 
my, 


' Un v. 
ig = 14+ =— (1—K,,)sint+- — (cos +’ — 4), 
R, fb Ry, 


where T* is the moment when stage C is replaced by 
stage A, These expressions are obtained from the condi- 
tion that R; < 0,1, It can also be shown that 


— = iv 
cost’ = x-—— Ry, — 1, 


0 





where I, a Ua/Ry The average value of load current over 
one half-period equals 


hh, ay= (lat a+ 1) : 
where (>) 


a= =e-(8 +'—n+ sin? + xcosv’), 


Figure 7a and b, gives the theoretical curves of the 
changes in currents tye iy, iy, ip during one period in the 
absence of feedback (Kg, = 9) and with feedback (Kg, = 0.5), 
For the transient response in an ideal SMCT, it is not 
difficult to obtain the following expressions: 
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Fig. 8, Single-phase element of a grouped 
transformer with matched magnetization 
winding connections, W,, W, and Wg are 
the primary, secondary and magnetization 
windings respectively, ®, is the flux in the 
primary winding, ®, is the flux linked with 
the secondary winding, ®,, is the variable 
flux of the magnetic shunts, ®, is the con- 
stant magnetization flux, 1 and 2 are the 
cores of the basic magnetic circuit, 3 and 
4 are the cores of the magnetic shunts, 


From whence it follows that an ideal SMCT, just as 
an ideal magnetic amplifier, is a first-order aperiodic 
link with time constant _ 

Pet. 
2R,1—K,,’ (6) 
4, Grouped Three-Phase SMCTs 

In previous publications [2] there were described 
three-phase variants of the SMCT. We now communicate 
information on a grouped transformer, developed by the 
authors, with three individual single-phase SMCTs of a 
new type (Fig. 8). The grouped transformers are intended 
for the smooth control of three-phase voltage for symmet- 
rical phase loads, for example, for supplying rectifier 
stands, Voltage control, as in the SMCT of Fig, 3, is 
implemented by changes in current I, flowing through 
the series-connected magnetization windings W 

In the new single-phase SMCT, both windings W, are 
so connected that the constant magnetization flux ® 
virtually doesn‘t flow through cores 1 and 2 of the basic 
magnetic circuit, but is closed only through the loop 
formed by the cores of the shunts and the frame, It is 
necessary for this that the currents |, be directed in wind- 
ings W, as shown in Fig, 8, 

It is easily concluded that the basic cores of the new 
variant of the SMCT must have a smaller cross-sectional 
area than in the case of the design shown in Fig, 3, Thanks 
to this, there is also a relative decrease in the expenditure 
of the active materials — copper and steel, 

In designs of SMCT intended for profound voltage 
control, higher than 50%, the economy in copper weight 
amounts to 20%, 
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The variable magnetic flux induces, in the single- 
phase element’s magnetization circuit, a resulting emf at 
the fundamental frequency and with higher harmonics, 
This circumstance, however, is admissible for a grouped 
transformer, since with a series connection of the mag- 
netization circuits of its three component elements and 
the symmetric load, the emf*s of the fundamental harmonics 
are annihilated because they are equal and 120° out of 
phase, Complete annihilation of the variable emf in a 
common magnetization circuit is given by the use of 
special compensation windings, placed on the shunts and 
forming a closed loop around which the currents at the 
higher harmonics flow. 

A grouped three-phase transformer of this type with 
SMCTs was prepared, The test specimen had a power of 
6 kv-a,the ratio of lateral cross-sectional areas of the 
shunt and the basic core equalled 0,83, The dimensions 
of a single-phase element were 355 X 120 X 335 mm, with 
a single-phase transformer containing 21 kg of copper 
and 22 kg of steel, 

Testing showed that the characteristics of the grouped 
transformer were satisfactory, For a constant nominal 
load impedance, the secondary voltage was varied within 
the limits of 22 to 100%, For nominal values of load and 
current Iy,_, the value of cos ¢ was 0,93, and the efficiency 
in this case, with losses, in the magnetization winding taken 
into account, was 91%, 

The form of the curve of line voltage U, depends on 
the magnitude of the load impedance and on the relative 
value of the. magnetization current, For their nominal 
values, the distortion in the curve's form was small, 


5. Static Transformers of Numbers of Phases with SMCTs 

A common fault in the executive organs of static 
devices serving for the transformation of single-phase 
current to three-phase or two-phase is that variations in 
the load parameters, as well as the supply net regimen, 
lead to the appearance of asymmetries in the multiphase 
system of voltages obtained, If we take, as the criterion 
for judging the operation of a transforming device, the 
asymmetry coefficient of this system of voltages, we obtain 
the following expressions for the transformer of single-phase 
voltage to three-phase (Fig, 9a) and to two-phase (Fig, 9b): 





. 26 — 375 Or, + bc) — i (2 + 6, — be) 
tyres = ] " (7) 
28 + FF (by + be) — i (2b + by, — be) 





a Us it (g —b—b,) —j(g+6—b,) 

Ut C—O FO) FIO + be) ' (8) 
where g is the active component of conductance of one 
phase of the load, b is the reactive component of con- 
ductance of one phase of the load, b; and be are the in- 
ductive and capacitive conductances of the transformer 
arms, 

Figure 10 shows, for a transformer of single-phase to 
three-phase current, the characteristic € = f(S/S,), com- 
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Fig. 9. Basic functional transformer schemes, 
a) transformer of single-phase current to three- 
phase, b) transformer of single-phase to two- 
phase current, 
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Fig, 10, Transformer device charac~- 
teristics, 1) Curve of asymmetry 
coefficient variation; 2) relative 
change of induction for cos ¢ = 1; 

3) relative change of capacitance 
for cos ¥ = 1; 4) relative change of 
induction for cos ¢ = 0,8; 5) rela- 
tive change of capacitance for 

cos ¢ = 0,8, 
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puted for the relative variation of apparent power of the 
active-inductive load with cos ¢ = 0,8, from which it 


follows that, as the apparent power deviates from its nomi- 


nal value, the asymmetry of the voltage system rapidly 
increases (curve 1) and goes beyond the limit of the ad- 
missible value of € = %, An analogous phenomenon also 
occurs in the transformer of single-phase current to two- 
phase, With variations in the line frequency, there also 
occurs a rapid increase in asymmetry of the multi-phase 
voltage systems, 

As shown by analysis, to stabilize the symmetry of a 
multi-phase voltage system, it is required to control the 
parameters of the elements of the executive organ — the 
transformer device, Curves 2-5 of Fig, 10 show what 
relative values must be possessed by the inductance and 
capacitance of the arms of a transformer of single-phase 
to three-phase current for variations of the relative values 
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Fig, 11. Modified transformer schemes 
with symmetry stabilization of the multi- 
phase systems, a) Transformer of single- 
phase current to three-phase; b) trans- 
former of single-phase current to two-phase, 


of apparent load power and for different values of its 
power factor, 

Variation of parameters can be implemented auto- 
matically? if the elements of the executive organ are 
constructed of controllable devices, Such elements might 
be saturable reactors or SMCTs, 

Figure 11 shows modifications of the circuits given 
previously which allow them to be transformed to controller 
executive organs of transformers of numbers of phases 
with automatic stabilization of secondary voltage symmetry, 
In the transformer whose circuit is shown on Fig, lla, a 
saturable reactor is used as the inductive arm, In the 
capacitive arm, control of the reactive power of the 
condenser battery is implemented by varying the voltage 
on its terminals, thanks to its connection via an SMCT. 

The scheme of Fig. 11b, is a modification of the 
transformer of single-phase current to two-phase, 

Test results for a trial device of 1,5 kv-a power showed 
that the value of the asymmetry coefficient is less than 
for a fourfold change in the impedance of the load circuit 
and a change in the power factor between the limits of 
unity and 0,6, These results were also obtained for changes 
in voltage and frequency of the supply line within + 20%, 

In conclusion we note that the executive organs — trans- 
formers with automatic stabilization of output voltage 
symmetry — can be constructed for significant output power, 
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The paper considers questions in the design of pneumatic transducers and dc electrical transducers based on the 
principle of force compensation, Considerations are adduced as to the choice of the instruments’ functional 
schematics and physical designs, The causes are established for the appearance of instrument errors: nonlinearity 
errors in the transformation of a measured parameter to an output signal, sensitivity thresholds, temperature errors, 
and errors from changes in the static pressure of the medium, Computational formulas are provided, and recom- 
mendations are given for decreasing the magnitude of the errors, 


INTRODUCTION 


In the design of industrial instruments, ever greater 
use is being made of the force compensation method, the 
essence of which is that an input signal to be measured 
is transformed by the instrument's sensitive element to a 
force, and this force is equalized (compensated) by a 
force developed in the instrument at the cost of some 
energy from an external source, The equalizing force is 
proportional to the instrument's output signal, Thus, the 
input quantity is transformed to an output signal, 

In those cases when both the input quantity and the 
output signal of the instrument are transformed to forces 
simply and without significant errors, the use of force 
compensation allows one to obtain small values of error, 
in particular, those components of the error which are 
engendered by changes in the ambient conditions and by 
imperfections and instability of the instrument's individual 
elements, Therefore, despite some complexity of the 
instrument's physical design, devices using force compen- 
sation have been widely employed for measuring, and 
transforming to compressed air pressure or to dc force, 
such quantities as pressure, pressure drop, density, level 
of liquid, and temperature, Force compensation has also 
been widely used in pneumatic and electrical transformers, 
automatic controllers and calculating devices, 

In the development of such devices, it should be 
kept in mind that, in addition to reliability, stability of 
operation, simplicity of maintenance and low cost — man- 


datory properties for industrial instruments — the functional 


scheme and the physical construction must provide the 


capability of actually attaining the good static and dynamic 
accuracy which are the basic virtues of force compensation, 


Creation of high-accuracy instruments is significantly 
facilitated if one knows the dependence of the various 
components of error on the instrument's physical (design) 


parameters and if one could compute, if only approximately, 


the probable magnitude of the error. Questions of design 
and construction of instruments with force compensation 
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have received little treatment in the literature, Here, we 
make the attempt to consider certain of these questions as 
they appertain to industrial pneumatic transducers and dc 

electrical transducers, Formulas are given, without deriva- 
tions, which define the instrument accuracy as a function 

of the design parameters, These formulas canbe used for 

instrument design, 


1, Basic Errors 

The static error of force compensation instruments is 
made up, basically, of the following components; 

1, Errors in the realization of the given functional 
relationship of the output signal to the quantity to be 
measured, Since this relationship must be a linear one in 
the majority of cases,these ordinarily are called non- 
linearity errors, 

2, The error caused by friction losses in mechanisms 
and hysteresis losses in elastic elements and magnetic 
systems, It determines the threshold of sensitivity and 
the variation, 

3, Temperature errors, expressing themselves in a shift 
of the range of the output signal and in changes in the 
magnitude of this range as the instrument's temperature 
changes, The second component of these errors in com- 
pensation transducers is ordinarily significantly less than 
the first, 

4, An error from changes in the static pressure of the 
medium to be measured, It occurs at points where the 
force arising from the sensitive element is derived from 
the medium to be measured in the atmosphere via an 
elastic discriminating element, and when a change in 
static pressure gives rise to a change in the force on the 
sensitive element (for example, in the case when fluid 
level is measured by a float), 

5. Errors from changes of the supply source parameters 
(pressure of the air supplied to the instrument, electrical 
line voltage), 

6, Errors from “aging® of the instrument's elements 
leading to changes of the instrument's indications with the 
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passage of time, Although this error component can be 
eliminated by periodic calibration of the instrument, its 
appearance, under actual conditions of use, should always 
be considered possible, 

A dynamic error appears in the form of pulsations of 
the output signal and a displacement of its average mag- 
nitude which arise both from external jars and vibrations 
and from auto-oscillatory modes in the closed compen- 
sation system, Moreover, a dynamic error can appear in 
the form of a lag in changes of the output signal after 
changes in the quantity to be measured, or in the form 
of distortions of amplitude, phase or form of the output 
signal for a periodic change of the quantity to be measured, 


2. Choice of Instrument Scheme 

Compensation measurement of forces can, in a first 
approximation, be presented by the following functional 
schematic (Fig, 1a), The quantity x to be measured is 
transformed by sensitive element 1 to the force P, which 
is compared with force P,, of compensation element 2, 
proportional to the output signal y. 

The difference of these forces disturbes the equilibrium 
of movable system 3 and creates a translation A of it. 

This latter is applied to an equilibrium indicator — trans- 
former 4, which also generates the output quantity y, ob- 
taining energy A from an external source, 

To any range of variation of the quantity to be 
measured there must correspond a definite range of varia- 
tion of the output signal, In the scheme being considered, 
this correspondence is defined only by the parameters of 
the sensitive and the compensation elements, For this there 
is frequently used a lever transfer mechanism with a definite 
transfer ratio i, On the schematic (Fig, 1b), this mechanism 
is denoted by 5x and 5y, Since the physical design of such 
instruments is already relatively complex in itself, it is 
ordinarily considered worthwhile to introduce some addi- 
tional complication in the form of a mechanism with a 
variable (adjustable) transfer ratio, permitting the transducer 








to be tuned for different ranges of variation of the quantity 
to be measured for some adopted standard range of the 
output signal, To the mechanism there are also applied 
the constant (adjustable) forces Px, and Pyys introduced for 
the formation of the nonzero range of variation of the 
measured and output quantities, 

As a rule, to increase the output signal's power, the 
output quantity y is not taken off directly from the equili- 
brium indicator — transformer 4, but from power amplifier 
6 which, obtaining some quantity y, from the indicator, 
amplifies its power and transforms it to the quantity y, 

The functional schematic and the physical configuration 
of the transfer mechanism and, in particular, the mechanism 
for adjusting the transfer ratio, determine to a large extent 
the physical design of the entire instrument, 

In the majority of industrial instruments, a two-lever 
mechanism (Fig, 2a) is used in which the force P, to be 
measured creates a torque on one lever, while the com- 
pensating force P, creates a torque on the other, The 
transfer ratio is determined by the position of the connec~- 
tion 1, executed in the form of a shaft or a slider, trans- 
mitting force from one lever to the other, Curve i in 
Fig, 2b shows the transfer ratio i = a/(1- a) as a function 
of the connection position, The curve s; characterizes the 
so-called tuning sensitivity s; = (di/?) /(da/t) = 1*/a(t- a) 
which is relatively small for middle positions of the connec- 
tion and increases sharply as the connection is shifted toward 
the bearings, From the curve for i* one can determine the 
complete change of the transfer ratio for identical limiting 
positions of the slider on both sides of the middle position, 


The “one-lever” scheme (Fig, 2c) used in many 
instruments has the same tuning characteristic as the 
two-lever one, 

The majority of such mechanisms are designed for 
changes of the transfer ratio by a factor of from 6 to 10, 
Greater variations of the transfer ratio are rarely employed 
since they render difficult the tuning of the necessary 
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range, and lower the stability of instrument operation 
for slider positions close to the bearings where the sen- 
sitivity of the tuning is too great, 

Comparatively recently, use began to be made of the 
so-called “vector® mechanism (Fig, 2d), consisting of three 
shafts hinged together, Two shafts, transmitting the forces 
P, and P, are at right angles to each other. The end of the 
third shaft is hinged to the frame of the instrument, 
Change of the angle a at which this shaft is established 
is implemented by the tuning of the mechanism's transfer 
ratio, The sensitivityof tuning of this mechanism, s; = 
= 1 /sin2a, in the ordinarily used middle region, is less 
than in the lever schemes, The curves s;, i and i? for this 
mechanism are given by the dashed lines in Fig, 2b, 

Tuning of the transfer ratio is sometimes implemented 
also by shifting the compensation element, by replacing 
it or by changing the transfer ratios of auxiliary levers, 
Such rough (step-wise) tuning, in connection with a smooth 
tuning, allows one instrument to be used, in wide range of 
variation of forces, which is an undeniable advantage in 
use, However, this may decrease the accuracy due to the 
difficulty of creating a mechanism which is sufficiently 
sensitive for small measured forces and, at the same time, 
is strong and reliable in measuring large forces, 

In choosing the mechanism scheme, great importance 
inheres in the positioning of the equilibrium indicator, 

In existing instruments it is placed either before the tuning 


mechanism in the sensitive element or after this mechanism 


in the compensation element, As applied to a two-lever 
mechanism, these variants of indicator positioning are 
shown in Fig, 3a and b, 

The second variant is more convenient to build, since 
it allows implementation of the equilibrium indicator, 
compensation element and other assemblies to be joined 
in one device with a lever for receiving forces from the 
transfer mechanism, This device is easily unified and a 
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single physical realization of it can be used for different 
instruments; manometers, differential manometers, level 
meters, hardness meters, thermometers and others, so long 
as the parameter to be measured is transformed to a force 
of a definite magnitude, The entire range of forces gen- 
erated by the sensitive elements of different instruments 
may be transformed to the output signals of a small 
number of standard size devices of this type, 

The first variant gives a physical design which is less 
convenient for unification, since here the equilibrium 
indicator is directly, ordinarily via a lever, connected 
with the sensitive element, The advantage of this scheme 
amounts to this, that inreturning the range of forces to 
be measured, the sensitive element keeps invariant its 
position which it was given when the instrument was regu- 
lated, This manifests itself favorably in the accuracy whet 
there are changes in static pressure and when there are 
oscillations of the ambient temperature, Moreover, it is 
easier here to obtain small translations of the sensitive 
element, which also makes the instrument capable of high 
accuracy in its operation, 

It is necessary to bear in mind that all actual instru- 
ments implement force compensation only with some 
approximation, since only a part of the force to be meas- 
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ured is equalized by the compensation force, The other 
part of the force to be measured is expended in over- 
coming various resistances hindering the translations of 
the moving system, such as the rigidity of the sensitive 
and compensation elements, rigidity of the flexible 
bearings, as well as frictional forces, 

Naturally, the part of the force to be measured which 
is expended in overcoming elastic impedances will be 
decreased as the translations of the moving system de= 
crease, In the majority of modern instruments, use is made 
of high-sensitivity equilibrium indicators and amplifiers 
which provide a total operational excursion of the equili- 
brium indicator of tens of microns, or even less, 

Of course, the choice of equilibrium indicator is 
subject, not only to the requirement of high sensitivity, 
but also to considerations of reliability, stability, simpli- 
city, and low reaction forces on the moving system, In 
penumatic instruments, nozzle-flapper type transformers 
are used almost exclusively while, in electrical instru- 
ments, induction, capacitance, contact and other types 
of transformers are used, 

The choice of the basic dimensions of the transfer 
mechanism, the sensitive and the compensation elements, 
is determined by the necessity of obtaining a given accu- 
racy, by the magnitude of the forces to be measured, and 
by requirements for small dimensions, 

From the point of view of accuracy, apparently, it is 
advantageous to have large forces developed by the sensitive 
element: the larger these forces, the less will be the 
deleterious effect of rigidity of the elastic elements, 
frictional forces and additional forces giving rise to errors 
with changes in the medium's static pressure, 


3, Nonlinearity Error 

This error is made up of the nonlinearities of the trans- 
formations to forces of the quantity to be measured and 
the output signal, and the nonlinearities which occur in 
compensation, 

The nonlinearity created by the sensitive elements is 
small as a rule, since these are hardly translated at all 
under conditions of force compensation, No nonlinearities 
at all arise from such devices as buoys, bells, and other 
forms of sensitive elements of fluid differential mano- 
meters, In practice, the nonlinearities created by tubular 
manometric springs and bellows are negligible, 

Noticeable nonlinearities can appear upon changes 
in the effective areas of membranes, in particular, elastic 
ones, For example, let the effect area f vary propor- 
tionately to the pressure p by the function f = f,(1 + np), 
where f, is the effective area of the unloaded membrane 
and the product of the pressure p by the coefficient n rep- 
resents the relative change of effective area with changes 
in pressure, since np = (f-f,)/f». Then, the force P = 
= pf on the membrane will depend nonlinearly (quadrati- 
cally) on changes of pressure, By comparing it with a 
linear change of force with pressure P* = pf ,,,, where 
f max = fo (1 + Pax) and defining, as is usually done, 





the relative nonlinearity n of force as a function of 
pressure as the ratio of the greatest difference (P* -P) max 
of the linear and nonlinear functions to the maximum 
force Pray = f maxPmax? bees 881 = (P*-P)max/Pmaxe 
we obtain, after the corresponding transformations, 9 = 

= np/4, Thus, with aproportionate change of effective 
area with pressure, the nonlinearity of the force equals 
1/4 of the relative variation of the effective area of the 
manometric element in the given range of pressure varia- 
tion, 

The nonlinearity of the compensation elements of 
penumatic transducers can be compensated to a certain 
extent by the nonlinearity of the manometric sensitive 
elements, The magnetoelectric force mechanisms of 
electrical transducers have the same character of non- 
linearity as the manometric elements, Here, the non- 
linearity is a consequence of changes in induction of the 
magnetic field due to the magnetizing or demagnetizing 
action of the compensation current, which is particularly 
marked for large currents. Ferrodynamic compensation 
elements can also provide a significant nonlinearity. 

The nonlinearity in the compensation of forces is a 
consequence of the conjunction of the nonlinearity of the 
equilibrium indicators’ characteristics and the previously 
noted incompleteness of compensation when part of the 
force to be compensated is expended in overcoming the 
resistance of flexible elements, If we denote this part 
of the force P, to be measured by P,, we can then express 
the relative nonlinearity 1 = Np, . p, of the force to be 
measured to a compensating force as” P,—Py = ys 
where — = P,/P, is the coefficient of noncompensation 
and 1 ) — , is the nonlinearity of the equilibrium indica- 
tor; the nobilinearity of the compensating element is not 
taken into account here, 

The functional relationship of the nonlinearities and 
the design parameters of the instrument can be considered 
in greater detail by setting up the equilibrium equation 
of the moving system, Forthis, by means of the transfer 
ratios i, and i, we relate the force P, to be measured 
and the compénsating force P,, to the equilibrium indica- 
tor, We then relate to this same place the total force 


T= Dkndnins generated by the flexible elements with 
n 


rigidities k, and translations Ap, It is also necessary to 
take into account the additional forces Q, = > Kn5n, in, 
ny 


and Qy = Dany bnyiny of the flexible elements, from 


the sensitive element up to the equilibrium indicator and 
from the equilibrium indicator up to the compensation 
element, these forces arising due to the deformations 6, 
of the instrument mechanism, We then obtain 


Pi, — Q, = Pyly-Qy + T 
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or 


Py is “= Di kn,bnging = 
bi 


Pyiy — Dikn,Snyiny + Dwdnin- 
Ry n 


We introduce the relationship between the transla- 
tions A and the output signal y for a concrete equilibrium 
indicator and amplifier, obtained by computations or 
selected experimentally, in the form, for example, 


A = ayy + Ogy” + ayy® 


and we then compute the magnitude of the deformations 
5 of the mechanism, Then, by assuming a linear relation 
between the output signals and the compensation forces, 
we can obtain an equation of the form 


Py = MPy + agPh + asPr 

Investigation of the nonlinearity of this functional 
dependency shows that, to decrease it, one should 
choose the largest possible linear working segment of the 
equilibrium indicator's characteristic, should decrease 
the magnitude of its total excursion A;,3x, should decrease 
in every way the rigidity of the flexible elements (sensitive 
and compensation flexible bearings, elastic output) and, 
conversely, should increase the rigidity of the levers and 


connections of the moving system and the instrument frame, 
4, Sensitivity Threshold 


Friction in the bearing of the moving system can 
give a significant increase to the sensitivity threshold. 

In view of the small translations of the mechanism, it 
is advantageous to use flexible bearings, for example, 
in the form of cruciform belt supports, Knife and ball 
bearings, although simpler physically, can be sources of 
significant friction, particularly when the manufacture 
and mounting are of inadequate quality. 

Large frictional forces arise at the place of contact 
of the slider of the range regulator and the levers, and 
these are particularly noticeable in instruments with 
small forces to be measured, Therefore, from the point 
of view of frictional losses in the connections between the 
levers, it is preferable to employ flexible belting, despite 
the great complexity of its fabrication and of instrument 
calibration, 

Serious attention must be given to the construction 
of the connection of the mechanism with the sensitive 
and compensation elements, From the point of view of 
minimal frictional losses, a rigid attachment is the best, 
But, in the majority of cases, such a solution leads to a 
significant increase in rigidity, so that flexible connections 
are more frequently used, It is also necessary to bear in 
mind that significant additional translations of the 
moving system can appear if the belting connection is 
only a little twisted and there has not been, with this, 
sufficient preparatory tightening, 

In view of the smallness of the working translations 
of the moving system, hysteresis of the flexible elements 
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is negligible in practice, However, with significant devia- 
tions of the moving system from the equilibrium position, 
for example, for overloaded instruments, the variations 
can attain significant magnitudes, 

If one relates to the equilibrium indicator, and adds, 
all the forces P® which must be applied to each element 
of the instrument in order to eliminate hysteresis corres- 
ponding to the total possible excursion of the moving 
system, then one can calculate the instrument's sensitivity 
threshold n° as the ratio of this total related hysteresis 
force Epi, i, to the total force Pxmax to be measured, also 


related to the equilibrium indicator 


» Prin 
n 


7? - iy 
* max* 

Ferrodynamic force mechanisms have large values 
of hysteresis, The most radical measure in the fight to 
overcome these is to choose materials with small mag- 
netic losses and to prepare the magnetic systems of thin 
sheet material or sintered powders, 


5. Temperature Error 

Just as the nonlinearity error, this error is made up 
of the errors of the sensitive element, the compensation 
element, and the error of the force-equilizing mechanism, 

Temperature changes of the manometric elements 
lead to changes in their effective areas, which can lead 
to force changes which are very noticeable when elastic 
nonmetallic membranes are used, Therefore, serious 
attention should be given to the temperature stability of 
the effective area of such membranes, 

In differential manometric transducers there have 
been used complicated physical designs of the sensitive 
elements, protected from overloads, consisting of two and 
more membranes with liquid charges, Increase of liquid 
pressure due to its expansion from temperature rises can 
be the cause of large temperature errors, and sometimes 
such devices have special temperature compensators, 

Noticeable errors can be generated by magneto- 
electric, electromagnetic and ferrodynamic mechanisms 
due to temperature variations, of magnetic taduction and 
magnetic permeability, Here too, thermal compensators 
are frequently used, 

Temperature variations in the dimensions of the 
mechanism assembly with rigidity present gives a com- 
ponent 7 ,* of the temperature error which can be com- 
puted from the formula 





where AA, is the calculated magnitude of the temperature 
excursion of the equilibrium indicator, Ama, is the total 
working excursion of the equilibrium indicator and € is 
the noncompensation coefficient, 
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Temperature variations of the modulus of elasticity 
of the flexible elements lead to the appearance of tem- 
perature errors due to changes in the strain forces of 
these elements, The relative error per degree change 
in temperature is calculated as the ratio of the algebraic 
sum of the temperature changes of the forces of the elas- 
tic elements, referred to the equilibrium indicator, 

Ly _Prins to the total force P, to be measured, i.e., 
n° a max 


4 ° 
b> Ta" aa 
eS os 
ty Pe io . 
max 


Here, y, are the temperature coefficients of the 
moduli of elasticity of the individual flexible elements, 


One should not lose sight of the possibility of tem- 
perature errors arising due to nonuniform heating af the 
different parts of the instrument and to their deformation 
by, for example, one-sided heating close to a heat source, 
For protection against this, it is advantageous to provide 
the instrument casing with a layer of heat insulation and 
to use coverings for it with low absorption coefficients, 

For the first heating-cooling cycles of the instrument 
there is not infrequently observed an irreversible shift of 
the range due to relaxation forces and the associated defor- 
mations of the various assemblies, The most radical 
method of combating this is to remove the overstrained 
and temperature-mechanically-aged assemblies and com- 
ponents of the transducer, This is a most desirable measur 
to take, since it renders possible the improvement of the 
instrument's stability of operation in the course of time, 
and this index of accuracy of instrument operation is one 
of the most important of its use characteristics, 

It is necessary to mention that the temperature error 
is the most difficult to eliminate because of the incom- 
plete homogeneity of properties of the materials employed, 
With the necessity of obtaining small temperature errors, 
adjustable temperature compensation elements have 
been introduced (for example, in the equilibrium indica- 
tor) although temperature calibration of the instrument is 
entailed by this, 


6, Errors from Changes in the Medium's Static Pressure 
Derivation of the sensitive element's force from the 
medium to be measured is implemented, in the majority 




















of compensation differential manometers, level meters 
and hardness meters, by means of a pivoting lever with 
compression of a bellows or a membrane, Despite the 
complexity of its physical design, a bellows derivation 
device is more frequently used, in view of its significantly 
lower rigidity, 

The error of bellows extraction due to changes in the 
medium's static pressure is related both to the imper- 
fections of its fabrication (which may be corrected by 
calibration) and with the unavoidable deformations of the 
extraction Components with instrument operation; this 
part of the error cannot be eliminated by calibration, 
but can be lessened by the proper choice of the design 
parameters of the extraction device, 

Among the first group of causes is noncoincidence of 
the line of action of the resultant pressure force on the 
bellows head with the center of vibration of the lever and 
the bellows’ torsion axis, With this, a torque acts on the 
lever which is propotional to the static pressure; it also 
gives rise to an instrument error, 

The various design methods of compensating this 
torque by instrument calibration must be implemented 
by at least one of the following kinematic operations: 

1, Translation of the lever's center of rotation with 
respect to its axis by the amount A (Fig, 4a), which de- 
creases the initial eccentricity, 

2, Rotation of the lever, together with the bellows 
head, by the angle 6 (Fig, 4b) which creates, by virtue 
of the torsion of the bellows, a torque Mg, proportional 
to the static pressure, 

3, Displacement of the extraction lever together 
with the bellows head and the bearings (Fig, 4c), With 
this, as in the previous case, there appears a torque M; 
proportional to the static pressure, The torques Mp + 
+ Ms can compensate the torque giving rise to the instru- 
ment error, 

Their magnitudes, determined by the methods of 
strength of materials, can be computed from the formulas 


M, == pF lm, 6andM, = pms. 


Here, p is the medium's static pressure, F is the effective 
area, and! is the length of the extraction bellows, and 
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the coefficients 


my = = (1 —9a + 92?) 
and 
my = 1 where a= : 
(Fig. 4a), The functional relationship of mg and mg on 
the position of the bearings along the length of the 
bellows is given in Fig, 5, which provides a representa- 
tion of the effectiveness of these calibration steps, 

The second group of causes of errors from static 
pressure results from a displacement of the extraction 
lever's center of rotation with respect to the line of 
action of the pressure’s resultant force on the bellows 
head due to the deformations of the lever, bearings and 
instrument frame under the action of the static pressure 
and the force to be measured, and also to changes in the 
extraction unit's rigidity as the magnitude of the static 
pressure changes, 

The rigidity k of the bellows extractor as a function 
of the torque necessary to rotate the extraction lever to 
the angle 6 can be determined by the formula 

k=— = an = 2pFlm,, 
where B is the flexion rigidity of the bellows, p is the 
medium's static pressure (considered to be positive if it 
acts on the outside of the bellows) and the coefficient 
n = 4 (1-30 -3a"), just as the previously introduced 
coefficient mg, depends on the placement of the bearings 
along the length of the bellows, The graphs of these co- 
efficients show (Fig. 5) that, for a * 0,127 anda *0,873, 
the extractor rigidity does not depend on the static 
pressure but, with such positions of the bearings, the 
rigidity is approximately 2,7 times greater than the 
minimum rigidity, corresponding to a position of the 
bearings in the center of the bellows, Therefore, the 
definitive position of the bearings is established with 
account being taken of the admissible magnitude of the 
extractor rigidity, 
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A membrane extractor has an analogous character 
of error as a function of changes in the static pressure, 
This extractor has been less studied than the bellows type, 


7, Dynamic Errors 

In contradistinction to static accuracy, the computa- 
tion of dynamic errors and analysis of methods of de- 
creasing them are relatively more complicated, and here 
we shall consider only several general considerations and 
recommendations for lowering dynamic errors, 

Very small translations of the moving system provide 
the transducer with faster acting force compensation than 
in noncompensation instruments, However, a closed com- 
pensation system, with significant inertia of the moving 
system and with high sensitivity of the equilibrium indi- 
cator and amplifier, acting practically like a relay for 
oscillations of the moving system, operates, as a rule, 
in an auto-oscillatory mode, 

To eliminate oscillations, relatively powerful dampers 
are frequently used (due to the small velocities of motion 
of the moving system), in many of the most recent 
differential manometer models, damping is implemented 
in the sensitive element with a fluid charge serving simul- 
taneously to protect this element from overheating, Since 
excessive damping lowers the instrument's speed of response, 
the damper must have a controllable degree of damping, 
This control is necessary in view of the fact that the fre- 
quency of the natural oscillations of the moving system 
and the natural damping change strongly with changes in 
the range of the quantity to be measured, and as functions 
of variations in the density and viscosity of the medium 
to be measured, the dimensions of the impact conduits, 
the temperature of the instrument, etc, 

Recently, to decrease dynamic errors, there have 
been used stabilizing devices, permitting the introduction 
in the output signal and the compensation force of com- 
ponents proportional to the integral and the derivative 
(with respect to time) of the difference of the measured 
and the compensating forces, The additional complexity 
of the instrument occasioned by this is repaid by the 
capability for a significant improvement of the dynamic 
characteristics, 

In developing the physical design of these instruments, 
one should take into account, the necessity for equalizing 
ali the moving elements, In addition to decreasing the 
effect of external shocks and vibrations, this makes the 
instrument less sensitive to slants, and allows the trans- 
ducer to be established in an arbitrary position, 

In designing the frame, it is desirable to make 
provisions for mounting the transducer on shock absorbers, 
which might be necessary in case of particularly heavy 
vibration conditions, 





SUMMARY 


The course of development of schemes and physical 
designs of instruments with force compensation, and the 
foregoing considerations as to their accuracy, allow the 
following remarks to be made, 





e, 





The indices of static accuracy are improved with 
decreases in the coefficient of noncompensation, There- 
fore, in designing instruments, it is necessary to try to 
decrease the rigidity of the flexible elements and to in- 
crease the forces (torques) to be measured, The instru- 
ment's frame and the components of the mechanism must 
be as rigid as possible, which must not, however, lead 
to an increase in weight of the moving elements, 

One of the basic directions in the development of force 
compensation devices must be the improvement of their 
stability of operation for prolonged use and in conditions 
of changing ambient temperatures, 


The necessity ofincreasing the instruments’ speed of 
response, willprobably produce a further tendency to de- 
crease dimensions and, principally, weight of the moving 
elements of the mechanism, which requires a corresponding 
decrease in rigidity of the flexible elements and an increase 
in their stability, On the other hand, seemingly, one should 
expect complication of force compensation schemes by 
various stabilizing and auxiliary devices both for improving 
dynamics and for widening the possibilites of using these 
instruments for solving functional dependencies in logical 
inspection and control schemes, 
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FORCED PERIODIC MOTION OF A HYDRAULIC ACTUATING 
MECHANISM WITH A POSITIONAL LOAD 


V. A. Khokhlov 


Moscow 
Translated from Avtomatika i Telemekhanika, Vol, 21, No, 6, pp. 929-933, June, 1960 


In this paper we investigate the forced periodic motion of the piston of a hydraulic actuating mechanism, 
throttle controlled (slide valve), with a positional load, We determine the transient, process of the mechanism 
during sinusoidal slide valve motion, The effect of fluid compression is estimated, 


It is well known that throttle (slide valve) controlled between the piston and the slide valve,the motion of the 


hydraulic actuating mechanisms, in the absence of ex- mechanism cannot be determined by only one force 
ternal loads, can to a high degree of accuracy, be approxi- equation, for example, in d’'Alembert's form, In writing 
mated by integrating sections, However, if loading is the equation of motion it is necessary to take into account 
taken into account, excluding dry friction, the motion of the equality of the forces, We will assume as a basic 
the piston is described by a nonlinear equation [1], condition in writing the equation that the flow of the 

In this paper we investigate the forced motion of fluid is continuous, For a hydraulically actuated mechan- 
the piston under positional (spring) loading ism with a four ~chambered sliding valve the condition of 


Robe (1) continuous flow for the assumptions which we have made 
: can be presented in the form [1] 
where P is the load (force) applied to the piston, x is the 


coordinate of motion of the piston relative to its average . =k, V 4 x = sign pp, (2) 





position and k is the “stiffness® of the load, ¢ 
A schematic of the mechanism is shown in Fig, 1 
where 1 denotes the controlling four-chambered valve,2 = where k, is the steepness of the velocity characteristic 
is the piston and 3 is the spring representing the load, at no load, P is the displacement of the slide valve from 
P the average position, Ap is the pressure drop in the working 
10 cylinders due to the applied load, sign p is the sign of 
the direction of the displacement of the slide valve from 


the mean position (the plus sign corresponds to the move- 
~y ment of the slide valve to the right, Fig, 1). 
Force equation (1) may be written in the form 








Ap== (3) 











Hi 


In this paper, we have made the following assump- 











where F is the effective area of the piston, 

Substituting (3) into (2) we get the equation of 
Fig, 1, motion of a hydraulic actuating mechanism in the open 
loop condition 





tions: there is no leakage, the coefficient of loss of the dz _, / 1_*_., 

fluid in the valve chambers and the pressure pp in the om Fp "8"? P- (4) 
main pressure chamber are constant, The initial over- 

laps or gaps in the slide valve are equal to zero and the In this paper we examine the forced motion of the 
valve openings are rectangular, piston due to the sinusoidal motion of the slide valve 


Pp = p* sin wt, The initial equation for the analysis of 
INITIAL EQUATION the mechanism takes the form 

Let us consider first the motion of a hydraulic ac- 
tuating mechanism with an incompressible working fluid. # ok, V3 — ¥F signsin wt p* sinet. (5) 
As a result of the presence of a nonholonomic relation at F Po 
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THE REACTION OF THE PISTON TO THE SINUSOIDAL 
MOTION OF THE SLIDE VALVE 


The reaction of the unloaded piston of a hydraulic 
actuating mechanism to the sinusoidal motion of the 
slide valve is dctermined by the integral equation (+) 
for k = 0, 

For zero initial conditions 


P (1 —cos wt). (6) 





In order to determine the reaction of the loaded 
piston (k# 0) we will write equation (5) in the form 
dx 


7 — = = k.p° sin wt dt. (7) 
V i— sign sin wt 
F Po 











This equation can be integrated over intervals of 
wt which are integral multiples of * inasmuch as the 
sign of the motion of the slide valve, sign sin wt is con- 
stant within each interval, 

Integrating equation (7) over the first interval 
(0 < wt = % < 1) for sign sin wt = +1 we get 





2F ° 
td Ae 
0 
For zero initial conditions cy, = noP a “Pp : 
in this case 
r= kop" i—e » a, eee i (1 — cos 9,)* (8) 
= —@ (8) — Fret best 


Performing successive integrations of equation (7) 
over the successive intervals, in each of which sign 
sin wt is constant and applying the method of matching 
to determine the initial conditions in each of the succes- 
sive intervals we can find a general expression for the 
reaction of the piston 








(9) 
2,% 


oP 
(1 — cos 9) + iF pot , (i — COS )*)sign sin 9,, 


where i= 1, 2, 3,... , is the interval number for in- 
tegral values of 7, 


TRANSITIONAL PROCESS FOR POSITIVE POSITIONAL 
LOA DING 


The transitional process for positive positional 
loading is completely characterized by three parameters: 
the greatest piston displacement, the amplitude of the 
oscillations that are set up, and their duration, 


The greatest piston displacement for k > 0 may be 
found from equation (8) if we substitute ¢, = , 


(10) 


Thus, the greatest displacement of the piston will 
exceed that at no-load by 





bn, = (=z ) Fae (10a) 


Let us find the ratio between the amplitude of the 
slide valve displacement and its oscillation frequency 
x =p */w during which the pressure developed by the 
liquid becomes equal to the positional loading during 
the furthest displacement of the piston, For this condi- 
tion x, = Fp»/k and equation (10) takes the form 


F k 
pe = kx (2 — k,x Fn ) ; (10b) 


Solving this equation for k, we get 


F po 
kk: (10c) 





p 
== ee 
° v 


Thus, we see that a throttle-controlled hydraulic ac- 
tuating mechanism with sinusoidal slide valve displace- 
ment and positional loading will have the mode of opera: 
tion of the move only for the condition 

p F’Po 
a ar: (10d) 





We can find the amplitude of the resulting piston 
oscillations x* from equation (9) if we let x = 0 for 
cos ¢, = 0, For this case 


kp 2 ok 
eV 4 <0. (ie) 


Soiving this equation for x* we find the amplitude 
of the resulting piston oscillations 


lar j=boP (1 Te ek), 
@ 


Thus, for the established mode of operation the 
phase shift between the motion of the piston under po- 
sitional loading and the motion of the slide valve is 
— «/2, this corresponds to the phase shift for the unloaded 
actuating mechanism, The amplitude characteristic is 
a function of the ratio of the valve displacement to the 
frequency of the introduced signal p */w and depends 
upon the parameters of the mechanism: the area F, 
pressure pp, steepness of the velocity characteristic at 
no-load k, and the load stiffness k, 
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Fig, 2, 


The determination of the duration of the transi- 
tional process is difficult in the general form, There- 
fore, it may be found by orientation from the character 
of the changes in the small deviations x, of the piston 
as computed from equation (9), 

As an example of the application of the results 
which have been obtained, we show in Fig, 2 the transi- 
tional process in the motion of the piston of the hy- 
draulic actuating mechanism having the following 
dimensions and parameters: F = 44 cm’, Py = 50 kg/cm’, 
ky = 530 sec™* and k = 400 kg/cm, The transitional 
process (curve 1) has been plotted for the case in which 
the piston load during the maximum piston displace- 
ment is $ p 9F;this corresponds to p* jw = 0,42 X 107? 
cm+sec, We also show in Fig, 2 the transitional process 
for an unloaded piston for the same excitation (curve 2), 


ESTIMATION OF THE EFFECT OF FLUID COMPRESSION 


Before we evaluate the effect of the compressibility 
of the fluid enclosed in the force cylinder upon the 
motion of the piston we will find the dependence of the 
motion of the cylinder upon changes in the applied force 
Py (Fig. 3a), In the figure Ax denotes the displacement 
of the cylinder due to the action of the force AP and 
1, is the depth of the fluid column in the cylinder, 
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Fig. 3. Diagram of the force cylinder. a) 
a) one sided, b) two sided 
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Assuming that the cylinder and the piston have 
absolute stiffness and that there are no losses, we may 
write 


YoVo = ¥1Viv 


whete yo, Vo are the specific gravity and initial volume 

of the fluid under pressure due to the applied force Po; 

Yi» Vy are the specific gravity and volume of the fluid 

after the applied force Py has been increased by AP, 
Since V, = V, and AV = FAx, we get 


— Volts — Yo) 
Az = Loh 107 
Fy 


We may write the following expression for the 
specific gravity of the fluid® 


AP 
_— k, a 
%1=%o + F 


where k, is a coefficient of proportionality, We may 
now write 


k,VoAP 


Got ea? AP) (11) 


Az = 
The above equation shows that the piston displace- 
ment is proportional to the applied force and depends 


upon the change in the specific gravity of the fluid due 
to this force, 


Let us evaluate the influence of the second factor, 
Comparing equations (11) and (6) in [2] we notice that 
to +h, “ 


—{;— = G— is the modulus of volume elasticity 
Y 


(bulk modulus), 

The modulus of elasticity of the working fluid in 
the hydraulic system over the range of pressure changes 
of up to 200-300 kg/cm? is practically constant, 

Then, k, = AP/F in equation (11) is very close to zero 
and the specific gravity of the fluid may be considered 
constant in magnitude, i.e,, ¥; = Yo Under these 
conditions equation (11) may be written in the form 


VoAp LAP 
“FG = "FG - 





Az = (11a) 


The above analysis shows that if we take into 
account the losses in the compressible fluid passing 
through the slot in the valve we can make use of the 
equations for incompressible fluids, With this in mind 
we will represent the hydraulic actuating mechanism 
by means of the schematic of Fig, 4, Here 1 is a 


* According to [2] this equation is correct for the case 
where the applied force does not produce a pressure of 
more than (20-30) x 10° kg/cm’ in the fluid, 





oak wf @& 


+ | 


ap 


act 





spring imitating the stiffness of the applied load, 2 is 
a spring imitating the stiffness of the fluid, x, is the 
displacement of the fluid cross-section in the vicinity 
of the boundary walls of the force cylinder (in cross 
sections I and II), 





+2 


™ 


Fig. 4, Equivalent schematic of a hydraulic 
actuating mechanism which takes into con- 
sideration the compression of the working 
fluid, 


We will find the change in stiffness of the fluid 
enclosed in the force cylinder (Fig, 3b) and the dis- 
placement of the piston due to the action of the 
applied force AP, Examining the work of the actuating 
mechanism only for the actuator we note that the fluid 
in chambers A and B, Fig, 3b, will always be under 
excess pressure and the applied load, acting on the 
piston, does not create a pressure drop exceeding the 
pressure in the main pressure chamber, Therefore, the 
pressure in the working cylinder cannot fall below zero 
(excess), Therefore, the stiffness of the fluid in the 
cylinders, according to equation (11a) may be repre- 
sented in the form 


k FG 
CAB Rye 


Therefore, the total stiffness kg is the sum of kg, +- 
+ Kpp: 
21yGF 


ape ee 
2 


The piston displacement under the action of the 
applied force AP is 


, a 
ps x 


21oGF 


Ar = AP. (11b) 


Let us now examine the equations of motion of an 
actuating mechanism, taking into consideration the 
compressibility of the fluid, 


According to the equivalent schematic of the 
mechanism (Fig, 4) the motion of the piston is deter- 
mined by three equations: 

(1) the force equation (3) 

(2) the equation of flow through the slide valve (2), 
using the new designations this equation takes the form 


At ak 1-4 SP sign pp 


(3) the equation connecting the pressure drop, due 
to the load in the working chambers, with the relative 


piston displacement; this equation according to (11b) is 
of the form 





2 
seer (e1— 2). (12) 
—2z 


0 





kz = 


The simultaneous solution of the indicated equations 
gives us the equation 








kl? +. 26GF — 3ka* ge Vi - 
TGF nee aT Beth A hd oe 





For Pp = p* sin wt equation (13) may be integrated 
in a similar manner to equation (7), 

Neglecting the changes in the stiffness of the liquid 
during the motion of the piston,t we get 


oe =e — sign pp (14) 


Comparing the above equation with equation (4) 
obtained in the analysis of the motion of an actuating 
mechanism with an incompressible fluid we note that 
the right sides of the equations differ only by a constant 
multiplier 2GF/kl» + 2GF, This multiplier, for kl, « 
“« 2GF, a condition which as a rule exists in practice, 
is close to unity, Therefore, the compressibility of the 
fluid in the force cylinder has a relatively small effect 
upon the motion of a piston with only one positional 
load, 





dz 2GF 


dt klo+2GF 
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t Under this condition the deviation of the curve for the 
transitional piston process from the curve computed 
without taking into consideration the compressibility of 
the fluid will exceed the deviation obtained from 
the solution of equation (13), 

+See English translation, 
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INFORMATION 


INTERNATIONAL FEDERATION OF AUTOMATIC CONTROL (IFAC) 


AND ITS FIRST CONGRESS 
Translated from Avtomatika i Telemekhanika, Vol, 


L, Brief History of its Development 





The question of forming the International Federa- 
tion of Autematic Control was first brought up in Sep- 
tember, 1956, during the International Congress of 
Automatic Regulation in Heidelberg (West Germany), 

The initiating group of scientists and engineers 
from among the participants in the Congress, at a 
special meeting, adopted a resolution signed by 26 rep- 
resentatives of various countries, among them represen- 
tatives of the USSR, in which the formation of the Inter- 
national Federation of Automatic Control was approved, 

It was pointed out in the resolution that the IFAC 
is created for the purpose: 1) of promoting the exchange 
of scientific information in the area of automatic con- 
trol between the member-countries and 2) of organizing 
international congresses of automatics, 

At the same meeting a preparatory committee was 
elected to compose a draft ofrules and regulations of 
the IFAC and call a first organizational meeting of rep- 
resentatives of the interested countries, a General 
Assembly, 

The First General Assembly of the IFAC, held in 
September, 1957, in Paris, approved the code of rules 
of the IFAC and elected the managing organ of the 
Federation, the Executive Council, consisting of 11 mem- 
bers and headed by G, Chestnut (USA), the president of 
the IFAC, 

The General Assembly decided to call the First 
Congress of the IFAC in Moscow in 1960, 

The Executive Council of the IFAC of the first staff 
did great work in the organizational strengthening of the 
Federation, Six special scientific-technical committees 
were created by it for the development of the international 
exchange of scientific information in the field of auto- 
matics, The Executive Council also established the Ad- 
visory Committee of the IFAC, 

The Second General Assembly was called in Sep- 
tember, 1959, in Chicago, It approved a new code of 
rules of the Federation and the draft of the scientific 
program of the First Congress of the IFAC, worked out by 
the Soviet Union's National Committee of Automatic 
Control [see Avtomat, i Telemekh, 22, 1 (1959)].* 

In accordance with the Code of Rules of the General 
Assembly a new staff of the Executive Council was elected, 
as well as a new president of the IFAC, Professor A, M, 
Letov, a representative of the USSR, 

The Executive Council now includes the following: 

Prof, A, M, Letov, President (USSR) 

Prof, E, Gereke, First Vice-President (Switzerland) 
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Prof, O. Benedict, Second Vice-President (Belgium) 

Prof, M, Kyueno, Treasurer (Switzerland) 

Prof, J, Howells, member of the Council (England) 

Prof, P. Nowacki, member of the Council (Poland) 

Prof, J. Evangelisti, member of the Council (Italy) 

Prof, Ed Trnka, member of the Council (Czecho- 

slovakia) 

Dr, H, Balchen, member of the Council (Norway) 

Prof, K, Kaneshige, member of the Council (Japan) 

Dr. G. Chestnut, member of the Council 

as Past President (USA) 

The Executive Council has designated Professor D, 
Eckman (USA) as chairman of the Advisory Comitteee and 
Dr. J, Loeb (France) as vice-chairman, Dr, G, Ruppel (West 
Germany) as honorary secretary of the IFAC and Professor 
V. Broid (France) as honorary editor of the "IFAC Bulletin," 

The chairman of the scientific-technical committees 
of the IFAC are: Committee on Theory — Academician 
B, N, Petrov (USSR), Committee on Technical Resources- 
Dr, D, Boromissa (Hungary), Committee on the Utiliza- 
tion of Automatics — Dr, D, Moseley (USA), Committee 
on Education — Prof, A, Marino (Italy), Committee on 
Terminology and Designations — Prof, E, Gereke (Swit- 
zerland), Committee on Bibliography — Prof. V. Oppelt 
(West Germany), 

The Second General Assembly noted the great work 
performed by the Executive Council of the first staff and 
issued a special resolution expressing appreciation to 
Dr. G, Chestnut and certain other workers in the IFAC 
for their contribution to the creation of the Federation, 

A resolution to hold the Second Congress of the IFAC in 
Switzerland in 1963 was adopted at the Assembly. 

In the preceding period the activity of the IFAC was 
devoted primarily to preparations for the First Congress 
of the Federation, 

In all, 22 countries are represented by their national 
organizations in the IFAC, and this number includes a 
majority of the countries most advanced in industrial 
respects, 

On January 1, 1960 the IFAC became a member of 
the International Council of Scientific and Technical 
Societies, 


IL The Soviet Union's National Committee of Automatic 





Control 


The Soviet Union is represented in IFAC by its 
National Committee of Automatic Control, formed in the 


*See English translation, 
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Academy of Sciences of the USSR, The representative 
of the National Committee of the USSR is Academician 
V. A. Trapeznikov, 

The National Committee unites the most eminent 
specialists of the Soviet Union in automatics and in its 
work leans upon territorial groups formed in scientific 
and industrial centers: Leningrad, Kiev, Novosibirsk, 
Sverdlovsk, Tbilis, Erevan, Baku, and Ivanov, 

A number of scientific-technical committees have 
been formed in the Soviet Union's National Committee 
of Automatic Control: 

1) On the theory of automatic regulation and con- 
trol — chairman, Prof, Ya, Z. Tsipkin; vice-chairman, 
Prof, A, A, Krasovskii; scientific secretary, A, N, Koro- 
lev, Candidate in Technical Sciences (C, T. §.). 

2) On technical resources of automatics and remote 
control — chairman, Prof, B, S. Sotskov (Corresp, mem- 
ber); vice-chairman, D, I, Ageikin, C.T, S,; scientific 
secretary, Il, E, Dekabrun, C,T.S, 

3) On automatic electrical operation and its appli- 
cation to electrical machinery — chairman, Prof, M, G. 
Chilikin; vice-chairman, Prof, L I, Petrov; scientific 
secretary, A, A, Sirotin, C,T.S, 

4) On the automation of continuous productive 
processes in the metallurigcal, chemical, energy and 
other fields of industry — chairman, E, L, Stefani, C,T,S,; 
vice-chairman, A, Ya, Lerner, D.T.S.; scientitic secre- 
tary, C, P. Khlebnikov, Engineer, 

5) On the automation of productive processes in 
machine building — chairman Academician V. IL, Di- 
kushin; vice-chairman, Academician I, lL, Artobolevskii; 
scientific secretary, V. M, Raskatov, Engineer, 

6) On the automation of productive process in ag- 
riculture — chairman, Academician VASKhNIL L A, 
Budzko; vice-chairman, N, N, Levykin, C,T.S,; scien- 
tific secretary, K, M, Poyarkov, Engineer, 

7) On terminology — chairman, M, A, Gavrilov; 
vice-chairman, A, V, Khramoi, C.T.S,; scientific 
secretary, E, V. Babicheva, Engineer, 

The Soviet Unions National Committee of Auto- 
matic Control gave its assent to the Executive Com- 
mittee of the IFAC to hold the First International Con- 
gress of the Federation in Moscow, and, consequently, 
assumes responsibility for the organization of that 
Congress, 


Ill, The First Congress of the IFAC 





The First Congress of the IFAC will be held June 27 
to July 7, 1960 on the premises of Moscow University 
on Lenin Heights, 

An organizing committee has been formed to carry 
out the practical work in preparing for the Congress: 
Academician V, A, Trapeznikov (chairman), Academi- 
cian, B, N, Petrov (vice-chairman), V. V. Karibskii, 
Engineer (vice-chairman), B, N. Naumov, C,T.S, (vice- 
chairman) and N, O, Biryukov, C.T.S, (scientific sec- 
retary). 


The organizing committee is performing much 
preparatory work, with the active support of the national 
organization-members of the IFAC, Great interest in the 
coming Congress is observed on the part of specialists 
of many countries of the world, A great number of re- 
ports have been submitted to the organizing committee, 
from 21 countries, and from them 285 reports have been 
selected, 

The reports selected for presentation to the Congress 
are distributed by country as follows; 


Austria 5 Canada 1 France 9 
England 28 China 6 West Germany 15 
Belgium 4 Norway 3 Czechoslovakia 5 
Hungary 5 Poland 11 Switzerland 1 
E, Germany 3 Rumania 6 Sweden 

India 1 USSR 81 Yugoslavia 

Italy 7 USA 73 Japan 18 


The reports have been divided into three groups: 

L, Theory of automatic regulation and control, 

Il, Technical resources of automatics and remote 
control, 

IIL Applications of automatics, 

Within each of these groups the reportshave been 
subdivided according to related scientific indications 
into separate sections, The ten sections of Group I in- 
cluded 143 reports, the five sections of Group Il include 
56, and the six sections of Group III include 86 reports, 
Simultaneous work of up to 11 sections is provided for, 

The following is an enumeration of the sections of 
the Congress, with an indication of the number of reports 
pertaining to them, 


L 1, Theory of continuous linear systems — 23 
I, 2, Theory of continuous nonlinear systems — 14 
L, 3, Theory of discrete systems — 25 
I, 4, Stochastic problems — 18 
I, 5, Theory of optimal systems — 12 
L, 6, Theory of self-adjusting systems — 20 
I, 7, Theory of structures and the construction of 
signals — 7 
L 8 Special mathematical problems 13 
L 9. Modeling and experimental methods of in- 
vestigation — 11 
IL, 1, Electrical and magnetic elements of systems 
of regulation — 9 
Il, 2. Electrical computing and modeling equipment, 
programming elements and machines — 10 
IL, 3, Counters, elements and systems of automatic 
control and remote control of productive pro- 
cesses — 8 
IL, 4, Pneumatic means of automatics and calculating 
technique — 11 
IL, 5, Instruments and equipment of automatic 
control — 18 
Ill. 1. Automation of machine building—10 
Il, 2, Automation of energy systems — 24 


659 














IIL 3, Automation of the chemical and petroleum 
processing industry — 8 

Ill, 4, Automated electrical operation and electrical 
machines — 12 

IIL, 5, Automation of metallurgical processes — 17 

IIL, 6, Unclassified problems — 9 

An additional six reports were presented to combined 
sessions of some sections of Group IIL, 

The names of the sections give a complete enough 
representation of the subject of the accepted reports, A 
characteristic feature should be noted — the great atten- 
tion devoted in the reports to the application of computer 
technique for the control of complicated forms of 
technological processes, including the control of nuclear 
processes, the application of optimal, extreme and self- 
adjusting systems, 

On the whole the reports contain very valuable 
scientific information which sheds light on the exper- 
ience and the level of knowledge attained in the area 
of automatics, and creates the basis for scientific dis- 
cussion of the most important current problems of auto- 
matics, 

The reports were prepared in conformance with the 
motto: to theory — practical applicability; to technical 
resources — maximum reliability; to applications — the 
greatest effectiveness, 

The publication of the reports in the form of brochures 
in the Russian and English languages enables all the 
participants in the Congress to’share more fruitfully in 
the scientific discussion, since they will have become 
acquainted with the contents of the reports, 

In the future the papers of the Congress will be 
published in a separate issue which can be purchased by 
any one who wishes to purchase it, 

Besides the sectional sessions, two plenary sessions 
are included in the program of the Congress, At the 
first of these a report by Academician V, A, Trapeznikov 
on the basic tasks of contemporary automatics will be 
heard and discussed, and in the final session the work of 
the Congress will be summed up, 

Within the framework of the Congress there will 
be organized an international exhibition of books and 
journals on questions of automatics, an exhibit of in- 
struments and equipment of automatics and telemechan- 
ics based on new principles, and also a demonstration 
of scientific and popularized scientific films on auto- 
matics and telemechanics, 

During the period of the Congress it is proposed to 
conduct a series of lectures on current problems of 
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automatics by eminent foreign scientists for the Soviet 
community, 

The program of the Congress provides for visits of 
its participants to cultural and to more than 30 scien- 
tific and educational institutions and industrial enter- 


prises in Moscow, Leningrad, and Kiev, 

The participants in the technical excursions will 
become acquainted with the work done in the Soviet 
Union in the creation and utilization of various systems 
of automatic regulation and control, its resources in 
computing and measuring techniques, remote and 
telemechanical systems, automated lines and automated 
industrial production, machine tools with program con- 
trol, and also with the state of higher education in 
educational institutions, 

During the working period of the Congress there 
will be a session of the leaders of the IFAC organs, the 
Executive Council and the scientific-technical com- 
mittees, which have to consider a series of questions 
regarding the current activities of the Federation and 
its plans for the future, 


IV, General Schedule of the Congress 





June 24 — Sessions of the Executive Council and 
the scientific-technical committees of 
the IFAC 

June 25 — General Assembly of the IFAC; sessions 
of the scientific-technical committees 
of the IFAC 

June 27 — morning — official opening of the Congress 
of the IFAC, plenary session 

June 27 — evening — sectional sessions 

June 28 to July 1— sectional sessions and technical 
excursions in Moscow 

July 2 — morning — plenary session 

July 2 — evening — session of the Executive Council 
of the IFAC 

July 3 to July 7 — technical excursions in Moscow, 
Leningrad, and Kiev 


The Moscow International Congress of Automatic 
Control, as the First Congress of the IFAC, is destined 
to play an important role in the matter of strengthening 
international scientific contacts between specialists in 
this field of science, which is the basis for the develop- 
ment of one of the fundamental and very perspective 
directions of new technique, 


N. O, Biryukov 

















SIGNIFICANCE OF ABBREVIATIONS MOST FREQUENTLY 
ENCOUNTERED IN SOVIET TECHNICAL PERIODICALS 


AN SSSR 
FIAN 

GITI 

GITTL 

GOI 

GONTI 
Gosénergoizdat 
Gosfizkhimizdat 
Goskhimizdat 
GOST 
Gostekhizdat 
GTTI 

IAT 

IF Kh! 

IFP 

IL 

IPF 

IPM 

IREA 


ISN (Izd. Sov. Nauk) 


[Yap 

Izd 

LETI 
LFTI 
LIM 
LITMiO 
Mashgiz 
MGU 
Metallurgizdat 
MOPI 
NIAFIZ 
NIFI 
NIIMM 
NIKFI 
NKTM 
Obrongiz 
oryYal 


ONTI 
OTI 

OTN 
RIAN 
SPB 
Stroiizdat 
URALFTI 


TsNIITMASh 
VNIIM 


Academy of Sciences, USSR 

Physics Institute, Academy of Sciences USSR 

State Scientific and Technical Press 

State Press for Technical and Theoretical Literature 
State Optical Institute 

State United Scientific and Technical Press 

State Power Press 

State Physical Chemistry Press 

State Chemistry Press 

All-Union State Standard 

State Technical Press 

State Technical and Theoretical Press 

Institute of Automation and Remote Control 

Institute of Physical Chemistry Research 

Institute of Physical Problems 

Foreign Literature Press 

Institute of Applied Physics 

Institute of Applied Mathematics 

Institute of Chemical Reagents 

Soviet Science Press 

Institute of Nuclear Studies 

Press (publishing house) 

Leningrad Electrotechnical Institute 

Leningrad Institute of Physics and Technology 
Leningrad Institute of Metals 

Leningrad Institute of Precision Instruments and Optics 
State Scientific-T echnical Press for Machine Construction Literature 
Moscow State University 

Metallurgy Press 

Moscow Regional Pedagogical Institute 

Scientific Research Association for Physics 

Scientific Research Institute of Physics 

Scientific Research Institute of Mathematics and Mechanics 
Scientific Institute of Motion Picture Photography 
People’s Commissariat of the Heavy Machinery Industry 
State Press of the Defense Industry 

Joint Institute of Nuclear Studies 

United Scientific and Technical Press 

Division of Technical Information 

Division of Technical Science 

Radium Institute, Academy of Sciences of the USSR 
All-Union Special Planning Office 

Construction Press 

Ural Institute of Physics and Technology 

Central Scientific Research Institute of Technology and Machinery 
All-Union Scientific Research Institute of Metrology 


NOTE: Abbreviations not on this list and not explained in the translation have been transliterated, no 
further information about their significance being available to us — Publisher. 





Publication of a “Soviet Instrumentation and Control Translation Series” by the Instry- 
ment Society of America has been made possible by a grant in aid from the Nationa] 
Science Foundation, with additional assistance from the National Bureau of Standards 
for the journal Measurement Techniques. 


Subscription rates have been set at modest levels to permit widest possible distribution 
of these translated journals. 


The Series now includes four important Soviet instrumentation and control journals, 
The journals included in the Series, and the subscription rates for the translations, are 


as follows: 


MEASUREMENT TECHNIQUES — /zmeritel’naya Tekhnika 


Russian original published by the Committee of 
Standards, Measures, and Measuring Instruments 
of the Council of Ministers, USSR. The articles in 
this journal are of interest to all who are engaged 
in the study and application of fundamental meas- 
urements. Both 1958 (bimonthly) and 1959-1960 
(monthlies) available. 


Per year (12 issues) starting with 1960, No.1 

General: United States and Canada . . $25.00 
Elsewhere .. > «+ ae 

Libraries of nonprofit academic institutions: 
United States and Canada. . $12.50 
Elsewhere .. —eo ll 


INSTRUMENTS AND EXPERIMENTAL TECHNIQUES 


Pribory i Tekhnika Eksperimenta 


Russian original published by the Academy of 
Sciences, USSR. The articles in this journal relate 
to the function, construction, application, and op- 
eration of instruments in various fields of experi- 
mentation. 1958, 1959, and 1960 issues available. 


Per year (6 issues) starting with 1960, No. 1 

General: United States and Canada. . $25.00 | 
Elsewhere .. . . + one | 

Libraries of nonprofit academic institutions: ; 
United States and Canada. . $12.50 
Elsewhere .. o + 's> Se 


AUTOMATION AND REMOTE CONTROL — Avtomatika i Telemekhanika 


Russian original published by the Institute of 
Automation and Remote Control of the Academy 
of Sciences, USSR. The articles are concerned 
with analysis of all phases of automatic control 
theory and techniques. 1957, 1958, 1959, and 1960 
issues available. 


Per year (12 issues) starting with Vol. 21, No.1 

General: United States and Canada. . $35.00 
Elsewhere .. —. ——e 

Libraries of nonprofit academic institutions: 
United States and Canada. . $17.50 
ee 


INDUSTRIAL LABORATORY — Zavodskaya Laboratoriya 


Russian original published by the Ministry of 
Light Metals, USSR. The articles in this journal 
relate to instrumentation for analytical chemistry 
and to physical and mechanical methods of mate- 
rials research and testing. 1958, 1959, and 1960 
issues available. 


Per year (12 issues) starting with Vol. 26, No. 1 

General: United States and Canada . 
Elsewhere att 

Libraries of nonprofit academic institutions: 
United States and Canada. . $17.50 
Blsoweeme.. .. ci sn ee eee 


Single issues of all four journals, to everyone,each .. . $6.00 | 
Prices on 1957, 1958, and 1959 issues available upon request 





SPECIAL SUBSCRIPTION OFFER: 


One year’s subscription to all four journals of the 1960 Series, as above listed: 


Subscriptions should be addressed to: 
Instrument Society of America 

313 Sixth Avenue 

Pittsburgh 22, Penna. 


General: United States and Canada. . $110.00 
Elsewhere .. . « 122.00 

Libraries of nonprofit academic institutions: 
United States and Canada. . $ 55.00 
Elsewhere ... . . 67,00 

















